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QUANTITATIVE DETERMINATION OF FLUORINE 
IN ORGANIC COMPOUNDS 


By Dirk H. Brauns 


ABSTRACT 


It was found that certain organic fiuorine compounds, including those which 
are easily volatilized at room temperature, can be quantitatively analyzed for 
fuorine by determining the loss in weight of a tared Pyrex flask caused by the 

ching action of the generated hydrofluoric acid. The sample is completely 
d ae by heating with small amounts of potassium nitrate in sulfurie acid 

fhe method is very simple and can be performed in 4 hours, requiring only 
five weighings and no expensive apparatus. 


CONTENTS 


I. Introduction 
II. Survey of existing methods 
lll. Deseription of the new method 
IV. Conversion factor for calculating the fluorine content 
FM Eso) Sade ea Ser a pa Reker Beato eae ERNE eg RSs eC Nee ee Rees ae 
VI. Discussion- - -- 


I. INTRODUCTION 


In the course of a current investigation of optical rotation and 
atomic dimension, it was found desirable that a simple method of 
quantitative determination of fluorine in organic compounds be made 
available. Numerous methods have been published and_ their 
number has increased rapidly in recent publications. 

W. Bockemueller ! has discussed the methods up to the year 1932 
and has added a new procedure himself; but since 1932 many others 
have appeared. This increased effort to find a simple method can 
ve explained by increased application of organic fluorine compounds. 
Infact, M. Mayor? also gives at the end of his study on the preparation 
of organic fluorine derivatives the variety of applications of these 
compounds, such as liquids for refrigerating machines, insecticides, 
plastics, dyes, solvents, etc. 


SURVEY OF EXISTING METHODS 


For the quantitative determination of fluorine in organic fluoro 
derivatives, a conversion must first be performed from the organic 
fluoro compound to an inorganic fluoro compound. In the case of 
nonvolatile compounds this conversion has been made mostly by 
ignition with sodium carbonate in a nickel or platinum crucible. For 
organic fluorine compounds which are easily volatilized at, room tem- 


1, Chem. 91, 81 (1932). 
Ren cl chim. ind. Paris 49, 2-10; 30-34; 64-74 (1940). 
105 
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perature, as well as for those which are gaseous at room temperatyy, 
the bomb or platinum combustion tube has been applied, which »,. 
quires elaborate manipulations with special apparatus. After th, 
fluorine in the sample has been converted to inorganically boyy) 
fluorine, it is usually quantitatively determined by weighing ag ¢q). 
cium fluoride. This method is not satisfactory, because calejyy 
fluoride is appreciably soluble in the wash water, and elaborate pr. 
cautions, time-consuming evaporations, filtrations, and ignitions gy, 
necessary before it can be weighed.? H. Ost * determines the fluoriy, 
in the unwashed calcium fluoride (which however, must be free froy, 
silica) by the loss in weight of a glass plate used as a cover for a plat. 
num crucible. The plate is etched by the hydrofluoric acid generate; 
from the calcium fluoride by sulfuric acid. The method of Ost ha: 
been used by B. Helferich and R. Gootz ® for determining the fluori 
directly in nonvolatile organic fluorine derivatives. Thus the inte. 
mediate separation of calcium fluoride is unnecessary. 

The investigation of the possibility of applying this simple etching 
process directly to volatile organic fluorine compounds has resulted ; 
the new method described in this paper. 


III. DESCRIPTION OF THE NEW METHOD 


A flask of about 30-ml capacity with a small cup sealed at the flat 
bottom and a ground stopper of special design, as illustrated iy 
figure 1, all made of Pyrex glass, is used in the determination. Th 
flask is thoroughly cleaned with a hot solution of potassium bichro- 
mate in sulfuric acid, in which it is allowed to stand overnight, after 
which it is rinsed with distilled water and dried by drawing air through 
the warmed flask. Experiments showed that the flask thus cleaned 
can be heated to 300° C for 2 hours with pure sulfuric acid, or sulfur 
acid with potassium bichromate, or sulfuric acid with potassium 
nitrate, without causing a decrease in weight of more than 0.2 mg. 

The determination is made as follows: The stoppered flask is 
accurately weighed to 0.1 mg. A few small crystals of potassium 
nitrate (about 30 to 40 mg) are introduced in the flask outside th 
cup and about 8 ml of sulfuric acid is added to the same compartment 
by means of a long-stem funnel (A) and a 10-ml graduated cylinder 
The stopper is greased with vaseline and placed upside down on thi 
flask so that the orifice of the flask remains free from vaseline. Th 
weight of the flask thus prepared is determined. The greased stoppe 
is now placed aside, standing on the flat part so that no grease wil 
be lost. The sample is introduced into the cup, using a funnel tub 
(B) for powders and a pipette in connection with the funnel tube (A 
for volatile liquids. The curved tip of the funnel (A) can be use! 
for tipping off the last drop to the wall of the cup, thus keeping th 
orifice clean. The greased stopper is used for closing the flask, and 
the new weight of the flask will yield the weight of the sample. This 
weight of the sample is regulated so that the decrease in weight of the 
flask, in milligrams, produced by the etching is approximately equal 
to the percentage of fluorine in the compound. This insures that the 


3 F. C, Hahn and E. E. Reid, J. Am. Chem. Soc. 46, 1852 (1924). D. H. Brauns, J. Research NBS § 
322 (1937) RP978, Bockemueller, footnote 1. 
4 Ber. deut. chem. Ges. 26, 151 (1893), 


5 Ber. deut. chem. Ges. 62B, 2505 (1929). 
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weighing error shall not be more than 0.1 percent, when the weighings 


are made to 0.1 mg. After the flask is closed by the greased stopper 
and weighed and a rubber band hooked on to keep the stopper in place, 
the flask is rotated to mix the sample with the sulfuric acid. The 
fask is now placed in a 600-ml beaker filled with water, which is 
vradually heated to 70° C in the course of about one-half hour. The 
hath is regulated within this range for another one-half hour. Clamp- 
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Figure 1.—Quantitative fluorine determination apparatus. 


ing the flask in a stand is unnecessary if the flask is carefully handled 
and scratching avoided. 

As the fluorine is strongly bound in 1-fluoro-2-methylbutane ° and 
the compound is easily volatilized (boiling point 55.9° C), it is well- 
suited for a severe test of the new method. Hence, a detailed descrip- 
tion of the fluorine determination in this compound follows. The 
procedure for nonvolatile fluorine derivatives could probably be 
shortened, but it seems advantageous to use the same method for all 
compounds. After the weighed sample is mixed with the sulfuric 
acid, as described above, one observes first that the 1-fluoro-2- 


ny 


‘D. H. Brauns, J. Research NBS 18, 322 (1937) RP978. 





108 Journal of Research of the National Bureau of Standards yay 


methylbutane floats on top of the sulfuric acid. On warming, ; 
gradually turns turbid yellow, and after one-half hour at 70° ( 4) 
of the sulfuric acid has an even, transparent yellow-brown colo; 
During this half-hour the flask is occasionally rotated so that , 
scrubbing action of the acid on the vapor in the neck is obtained (cay, 
being taken that the acid does not reach the stopper). The flag; 
is now cooled in ice water or tap water. It will be noticed by ». 
moving the stopper that only little pressure exists in the flask, whieh 
indicates that there is no danger in heating to 60° to 70° C in the 
closed flask.? The open flask is now clamped in a stand and heated 
in an air bath consisting of a Pyrex tube supported by an iron ring 
and closed at the top by a thin copper plate cut out to receive the 
flask and a thermometer (see fig. 1). The temperature is slowly 
raised to about 120° C, and small crystals of potassium nitrate ar 
dropped into the flask in the course of three-fourths hour until abou 
0.3 to 0.4 ¢ has been used, the color of the liquid changing gradually 
from dark brown to light yellow. When brown nitrogen peroxid: 
(NO,) vapors are visible above the liquid after mixing by agitating 
the flask, sufficient potassium nitrate has been used, and the heating 
is now gradually increased until the temperature reaches 300° (. 
An inverted tube is placed over the neck of the flask as inadvertent 
heating above 300° C may cause the acid upon reaching the boiling 
point of sulfuric acid (320° to 330° C) to spurt out. As a result of 
this heating, undecomposed substance adhering to the neck is refluxed 
to the body of the liquid. The flame is now taken away, and the 
tube is allowed to cool, slowly at first, then more quickly by removing 
the air bath. . 

The liquid will be water-white when cold and straw-yellow when hot 
(dissociation of N.O;) if sufficient potassium nitrate has been used 
To make sure that all fluorine is liberated from the organic compound 
and that the action of the hydrofluoric acid is complete, the heating 
to 300° C and cooling are repeated once or twice (compare footnote 7). 
For obtaining a check on the completion of the action of hydrofluoric 
acid on the glass, the cooled sulfuric acid solution is poured (for ten- 
porary storage) into a platinum dish or a weighed Pyrex beaker,’ the 
small amount of sulfuric acid solution remaining in the flask being 
immaterial. The flask and stopper are rinsed with water (using 1 
soft brush for cleaning the neck), further with pure alcohol, and then 
with ether to remove all acid and vaseline. The flask and stopper 
are then dried by a current of air. The cleaned Pyrex vessel with 
stopper is now allowed to stand in the balance case for 15 minutes and 
weighed. The sulfuric acid solution that has been put aside is poured 
back into the flask and the heating to 300° C and cooling are repeated, 
after which the flask is again cleaned and dried and the weight again 
determined. The weight is usually found to be constant, or there isa 
decrease of around 0.4 mg. The total decrease in weight in grams, 
multiplied by 1.0526 (conversion factor for Pyrex glass) gives the 
number of milligrams of fluorine, from which the percentage 0 
fluorine in the sample is calculated. 


7 The decomposition to carbon dioxide and water is not completed during this preliminary heating 
The important point is that all hydrofluoric acid is split off by this treatment, or converted to nonvolstil 
carbon compounds, the greater part being combined at this stage with the sulfuric acid (see J. H. Simons, 
H. J. Passino, and 8. Archer, J. Am. Chem. Soc. 63, 608 (1941), the remaining part etching the glass. 

§ The beaker is weighed for detecting action of any hydrofluoric acid during storage. 
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IV. CONVERSION FACTOR FOR CALCULATING THE 
FLUORINE CONTENT 


(st (see reference 4) determined empirically the loss in weight of 
Feoft glass by etching, using weighed amounts of calcium fluoride. 
His results indicated a loss of 0.8 to 0.9 mg of glass for 1 mg of fluorine. 
Helferich and Gootz (see reference 5), using organic fluorine derivatives 
| of sugars of known constitutions and applying the etching method of 
(Ost, found an average of 0.85 mg loss of weight of soft glass for 1 mg 
| of fluorine in the sample. Helferich applied slides such as are used 
in microscopic work for the etching. Ost applied small amounts of 
F 78-percent sulfuric acid sufficient for wetting the sample, which was 
weighed in the platinum crucible. The crucible was covered with a 
Ftared cover glass and heated in a sand bath for 4 to 8 hours to 100° 
19 150° C, and at the end to a higher temperature until sulfuric acid 
vapors appeared. By repeating the procedure of Ost-Helferich with 
F the nonvolatile fluoro-derivatives of sugars, using a platinum crucible 
with soft-glass covers, there was also found an average loss of werght 
of 0.85 mg. 

It was realized, however, by the writer that not only the use of a 
different glass (e. g., Pyrex glass) should have an influence on the 
‘factor, but possibly also the experimental conditions under which the 
‘determination is made. Indeed, replacing the platinum crucible 
with a soft glass crucible of about the same size changed the factor. 
This is probably due to escape of hydrofluoric acid from the platinum 
crucible without acting on the cover glass. It may be mentioned 
that the changed factor now agreed accurately with the factor cal- 
culated for soft glass according to the method applied below for Pyrex 
B class. 

For investigating the possibility of extending the Ost-Helferich 
' method also to volatile fluoro-derivatives, a platinum-lined bomb con- 
taining a weighed glass plate was first used. Difficulties were met 
because of the peculiar behavior of noble metals under oxidizing con- 
ditions and the leakage which frequently occurs. Then a stoppered 
Pyrex flask was used in which a Pyrex weighing tube containing the 
> sample could be opened; thus the sample was brought in contact with 

10 ml of sulfuric acid in the flask and gradually decomposed by heating 
as potassium nitrate was added. For preventing scratching of the 
glass, the weighing tube was surrounded by platinum gauze or wire. 
Finally, the described apparatus and method were devised in which 
no platinum is used. Using fluoro-derivatives of known constitution, 
t was found that the factor for converting the loss of weight of Pyrex 
i glass to the weight of fluorine is 1.053. We may apply a tentative 
| theoretical calculation for obtaining a theoretical conversion factor as 
| follows: 

Using for the composition of Pyrex glass SiQ., 81.0 percent; BOs, 
13.0 percent and 6 percent of basic oxides (see E. Wichers, A. N. Finn, 
and W. S. Clabaugh),® the amount of fluorine used for etching 1 mg 
of Pyrex glass is: 


for SiO, (yielding Sik’,) 


‘J, Research NBS 26, 537 (1941) RP1394. 





0.81 mg . 
= K4Xat. wt (=1.02 mg 
mal. wi Bee it. wt of F=1 mg of F 
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_ 9.13 mg _ 
mol. wt BO; 


6 percent of basic oxides will yield sulfates. Hence, a 1 mg logs o 
weight of Pyrex glass should correspond to 1.02+0.18=1.2 mg 4 
fluorine. pis 

In conclusion, it is recommended that a blank test be made ani 
that the conversion factor as found by the writer be checked by usine 
a pure nonvolatile fluoro-derivative, such as fluoracety]l-glucose ¢; 
-arabinose, which can be easily prepared with the aid of hydrofluor, 
acid now marketed in cylinders. 


for B,O; (yielding BF3) X6Xat. wt of F=0.18 mg of p 


V. ANALYSES 


The following is an example of the calculation of the fluorine jy 
fluorotriacetylarabinose: 
Grams 
Weight of empty flask+-stopper (1st weighing) 5252 
Weight of flask + greased stopper + H.SO,+ KNO,;(2d weighing)_ 56. 5391 
Weight of flask + greased stopper + H2SO,-++ KNO;+ substance to 
be analyzed (3d weighing) 56. 6851 
Weight of substance to be analyzed . 1460 
Weight of flask+stopper after Ist etching (4th weighing) . 5156 
Weight of flask+stopper after 2d etching (5th weighing) . 5156 
Loss by etching (42.5252 minus 42.5156) =0. 0096 
F =0.0096 X 1.053=0.0101 g of F. 
Percentage of F= (0.0101/0.1460) x 100=6.9. 
Theory = 6.82 percent of F for C,,H;;0;1 


Table 1 gives the complete analytical data. 


TABLE 1.—Analytical data obtained in the quantitative fluorine determination 








_ — Percentage of 
Weight W eight Weight Weight of fluorine- 


Name of substance andf ormula of loss, loss, fluorine, }—————-—- 


. first second |... | 
substance etching | etching indicated dilenns ( 


Yaleu 
lated 











g g g 
Fluorotriacetylarabinose, Cy:His07F .__- 0 0. 0101 
Fluorotriacetylarabinose, C::Hi;07F J . 006 : | . 0104 
1-Fluoro-2-methylbutane, CsHiiF_. J : 0 . 0189 
1-Fluoro-2-methylbutane, CsHnF_-..___-- A . 0202 
1-F]uoro-2-methylbutane, CsH1F__...__-- 

















VI. DISCUSSION 


It was found by experiment that the loss in weight of glass contain- 
ers in which organic fluorine derivatives are destroyed with sulfuri 
acid and potassium nitrate under definite conditions of procedure 
and apparatus is a reliable basis for the quantitative determination 
of fluorine in these compounds. In spite of the fact that the factor 
for converting the loss in weight of Pyrex glass to fluorine is only 
slightly more than 1 (1.053), the method yields fairly accurate results. 
No filtrations or ignitions are necessary and no difficult manipulation: 
are involved. This method of decomposition is not satisfactory 
preliminary to determining chlorine, bromine, and iodine in orgault 
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compounds as silver halides; also the destruction of volatile organic 

yoro-chloro compounds needs a more vigorous attack.'® 

“The peculiarity of the easy destruction of organic fluorine deriva- 
tives by sulfuric acid and liberation of hydrofluoric acid has been well 

nown to investigators in this field, and Paternd and Spallino™ have 
see a simple qualitativ e test for fluorine on this property. The 
present investigation has shown that this seg sie! also can be used 
for a simple quantitative determination of fluorine, and can give 
accurate results even for volatile fluorine derivatives if they are 
decomposed first in a stoppered flask. 


The author expresses his appreciation to E. O. Sperling, chief of 
‘he Glassblowing Shop, for his advice and skill in the construction 
of apparatus needed in the pursuit of the work. 


WW \SHINGTON, June 17, 1941. 
Preliminary experiments with stable fluoro-chloro compounds (Freon C 7 FC 13) hé vee shown that it may 
e to determine the fluorine in these compounds by the loss in weight of a sm 
s the advantage of a si mple determination of the loss in weig} ht would ret a 
be continued at a later date. 
iternd and R. Spailino, Gaz. chim. ital. 37, II, 309 (1907 
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THERMAL EXPANSION OF CAST AND OF SWAGED 
CHROMIUM 


By Peter Hidnert 


ABSTRACT 


_ Dati 1 were obtained on the linear thermal expansion of six samples of chromium 
19.2 to 96.3 percent) at various temperatures between — 190° and + 707°C. The 
expansion curves indicated anomalies at low temperatures. These > anomalies 
ere reversible on heating and cooling. The te “mperature at w! . . anomalous 
spansion occurs appears to decrease with decrease in the purity of the chromium. 
steresis was not observed on heating cast or swaged chromium oa 300° C and 
co ane to low temperatures. Exceptionally low average coefficients of expansion 
vere found for temperature ranges in or near the anomalous regions. The 
average coefficients of expansion of the samples of chromium from 20° C to 
arious temperatures between 100° and 700° C lie between 5.71078 and 
10-6 per degree centigrade. 


CONTENTS 


. Introduction_ 
Materials investigz ited____ 
Apparatus__-- -- 

V. Results_--- 

’. Discussion_-_ 
References _ _ ~ 


I. INTRODUCTION 


In a recent publication, the author [1] ' reported data on the linear 
therms ul expansion of electrolytic chromium at various temperatures 

tween —105° and +715° C. Electrolytic chromium was found to 
contract during the first heating, when hydrogen presumably was 
evolved. It was possible to obtain smooth expansion curves after 
repeated heating. 

The present paper gives results of an investigation on the linea 
thermal expansion of ‘cast and of hot- swaged chromium at various 
temperatures between —190° and +707° C. 


II. MATERIALS INVESTIGATED 


Table 1 gives the chemical composition and the density of the 
samples of chromium which were investigated. Sample 13431 was 
prepared by Westinghouse Electric & Mfg. Co., Pittsburgh, Pa.; 
samples 1284, 1356, and 1356I by Research Department, Westing- 
house Lamp Division, Bloomfield, N. J.; sample 14431 by P. Hidnert 
and F. R. Caldwell of the National Bureau of Standards; and sample 
1285 was prepared by the Union Carbide & Carbon Research Labor- 
atories, Inc., New York, N. Y. 


Figures in brackets indicate the references at the end of this paper. 
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TaBLE 1.—Chemical composition and density of chromium 


Chemical composition ® 


; Cc Mn | N 
| | 


Percent | Percent | Percent | Percent | Percent | Percent 
1 rod, 2 mm in diameter 99.2} 0.01] 0.29] 0.05 | 
rod, 3mm ind 3 7 . 34 0. 08 .06 | 0.014 
54 | . 04 | 
od, 4mm in dian | 
ime rod as sample |; 96.7 | .53 | 09 02 | 


yy 9mm cross section._| 96.3 ot 1. 00 | 53 .07 


a Determined by R. M. Fowler, C. P. Larrabee, and J. C. Redmond, formerly of the National Bur; 
Standards. Possibly the major amount of the undetermined percentage is oxygen. Some of the low-os» 
bon samples may contain aluminum 

b Determined by E. Hill and S. Alpher, formerly of the National Bureau of Standards. Density dete 
mination on sample 13431 was made before the expansion tests. Other density determinations were mac 
after the expansion tests 

e¢ Found to be magnetic by H. L. Curtis of the National Bureau of Standards 

4 Nickel, not detected. Duplicate sample was found to be diamagnetic by H. L. Curtis of the Nation 
Bureau of Standards. 

e Oxygen, 1.05 percent; hydrogen, not detected. The values for oxygen and nitrogen are probably low op 
account of the presence of some oxide which was not decomposed by vacuum fusion. 


III. APPARATUS 


Samples 13431, 1443I, and 13561 were investigated at various 
temperatures between —118° and +707° C with the interferometer 
method? [2] of measuring thermal expansion. Each sample con- 
sisted of three pieces of chromium of nearly equal length. The 
lengths of samples 1343], 14431, and 13561 were 6.648, 8.380, and 
7.470 mm, respectively. The temperatures between room tempers- 
ture and —118° C were obtained by passing liquid air through a coil 
in the furnace. 

The precision comparator type of thermal-expansion apparatus 
described by Souder and Hidnert [4] was used at various temperatures 
between —127° and +701° C for six tests on sample 1284 and six 
tests on sample 1285. Tests 1 to 4 of each sample were made with 
the oil bath shown at the extreme right of figure 1 of their publication. 
Figure 3 of the same publication shows a sample, sample holder, and 
contact fingers for the vertical observation wires used in the oil bath. 
Tests 5 and 6 of each sample were made with the white furnace show 
at the leit of figure 1 of the publication by Souder and Hidnert /4). 
Figure 4 of their publication indicates the method used in mounting 
each sample in the furnace. The lengths of samples 1284 and 1285 
were 298 and 300 mm, respectively. 

The fused-quartz thermal-expansion apparatus described by Hidnert 
and Sweeney [5] was used for sample 1356 and for tests 7 and 8 o! 
sample 1284. The length of sample 1356 was 170 mm. Sample 1284 
was cut to a 201-mm length before use in this apparatus. 

At each observation in each type of apparatus, the temperature was 
kept constant for a sufficiently long time to make certain that the 
sample had attained constant temperature. 

2 The agreement between the results obtained with the interferometer method and the precision com: 
parator method indicates that tilting of the specimens in the interferometer, which has been investigated 
by Saunders [3], was not an appreciable source of error in the measurements reported heré. Numerous 
other examples in theJiterature, which phow good agreement betwean the Mterfefometer method and ptlier 


methods, also inficate that most of the measureménts made by the interferometer method have beet fw 
from serfous érrors. 
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IV. RESULTS 


Figures 1 to 6, inclusive, show the observations * obtained on the 
ine ar thermal expansion of the six samples of chromium. Each 
ansion curve was plotted diss a different origin. The dotted 
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Figure 1.—Linear thermal expansion of hot-swaged chromium, 99.2 percent. 


portions of two curves indicate that in these regions sufficient obser 
tions were not obtained to locate the curves definitely. All cameo 
curves in figures 1 to 6, inclusive, are convex tow ard the temperature 
axis, except. those which will be indicated later. 


ais ena 
*Some of the observations were omitted in order to avoid confusion. They were too closely spaced to 
€ reproduced on figures of this size. 
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The observations obtained in five tests on heating the hot-swage, 
99.2-percent chromium (sample 13431) to various temperature 
between room temperature and 707° C are shown in figure 1, 
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FIGURE 2.—Linear thermal expansion of hot-swaged chromium, 98.3 percent. 


Figure 2 shows the observations in eight tests on the hot-swaged 
98.3-percent chromium (sample 1284). In tests 1 to 4 between 
— 127° and +303° C the solid circles representing the observations 
on cooling nearly coincide with the expansion curves. In the fifth 
test to 700° C the curve on cooling lies appreciably below the curve 
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obtained on heating. The observations on cooling in the sixth test 
over the same temperature range lie slightly below the expansion 
curve. ‘The curves of tests 3, 4, 7, and 8 indicate anomalous expansion 
between —20° and +20° C. In this region the curves are nearly 
horizontal. 

The observations obtained in three tests on cooling the cast 97.4- 
nercent chromium (sample 14431) are shown in figure 3. The curves 
indicate that this sam- 
ple expands shghtly on am 
cooling between 0° and [| T3n0 TE? gee Pee] 
290° C. The lower leet? y 
and the upper portions -— 
of the curves in the first 
test are — practically 
straight. The curves 
in tests 2 and 3 are 
slightly concave toward 
the temperature axis. “120-100 -80 -60 -40  -20 

The observations ob- TEMPERATURE 
tained in a total of six _ . 
tests on two samples of FIGURE 3.— Linear thermal expansion of cast chro- 

ie mium, 97.4 percent. 
hot-swaged 96.7-per- 
cent chromium (samples 1356 and 13561) at various temperatures 
between —190° and +702° C are shown in figures 4 and 5. A slight 
irregularity was noted near 0° C. 

Figure 6 shows the observations in six tests on the cast 96.3-percent 
chromium (sample 1285). In tests 1 to 4 between —124° and +301° 
C, the solid circles representing the observations on cooling nearly 
coincide with the expansion curves 
d obtained on heating. In tests 3 
ee and 4 on cooling from about —30° 
oe “ to —50° C there was an expansion 
which was reversible on heating 
through the same temperature 
range. Below —50° C the curves 
are slightly concave toward the 
temperature axis. In the fifth 
test to 700° C the contraction 
—— i} curve lies appreciably below the 
expansion curve. In the sixth 
test to 700° C the observations on 
cooling lie slightly below the ex- 
pansion curve. 

Average coefficients of expan- 

TEMPERATURE sion computed for various temper- 

FigurE 4.—Linear thermal expansion of — a from the expansion 

hot-swaged chromium, 96.7 percent. and contraction curves are given 

in table 2. The last column of the 

table shows the difference in length before and after each expansion 

test indicated. The coefficients of expansion of sampels 1284, 14431, 

and 1285 are exceptionally low in or near the regions where anomalous 

expansion was observed. In these regions the coefficients are, in some 
Instances, negative. 
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FicurRE 5.—Linear thermal expansion of hot-swaged chromium, 96.7 percent. 


Table 3 gives a comparison of the average coefficients of expansion 
of the samples of cast and of swaged chromium in the present investi- 
gation with the average coefficients of expansion of electrolytic chro- 
mium obtained by the author [1] in a previous investigation. Th 
average coefficients of expansion of electrolytic chromium for various 
temperature intervals between 20° and 700° C are within the ranges 
of the coefficients of expansion for the samples of cast and of swaged 
chromium. 
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Figure 6.—Linear thermal expansion of cast chromium, 96.3 percent. 
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Expansion of Cast and of Swaged Chromium 


TABLE 3.—Comparison of coefficients of expansion of chromium 


Average coefficients of 
expansion 
mn | 
Temperature range Samples of cast | Electrolytic | 
and of swaged | chromium * 
chromium (98.2 | (99.3 and 
|; to 96.3 percent) | 98.7 percent) 


| 
| 
| 
} 


| 
K10-8°C | 
20 to 100 5. or 1. & | 
| 20 to 200__- ; 8.7 | 4 
| 20 to 300 8.9 | 8. ( 
| 20 to 400 8. 4 a2 | 5 
| 20 to 500 3.7 8.9 
|} 20 to 600 | 2 
| 20 to 700 | ¢ 9.5 
| | 
' 


* Computed from Hidnert's [1] eg 2. 


Figure 7 shows the coefficients or rates of expansion, defined as 
|/Lo9)(dL/dt), at various temperatures between 40° and 650° C., 
The length of a specimen at temperature t is represented by ZL and 
its length at 20° C by Ly. The coefficients were derived from the 
average coefficients of expansion in table 2. Each vertical line at the 
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200 300 400 500 600 700 800 900°C 
TEMPERATURE 
FicurE 7.—Comparison of coefficients of expansion (per °C) obtained in the present 
investigation on cast and on swaged chromium (99.2 to 96.3 percent) and in previ- 
ous investigations by Disch [6], Chevenard [7], and Hidnert [1]. 





temperatures indicated represents the range of the coefficients of ex- 
pansion of the samples of chromium. The circle on each vertical line 
indicates the average of the coefficients of expansion at that tempera- 
ture. This figure includes a curve derived from the data by Disch 
(6] on a sample of unknown purity, a curve from Chevenard [7] on a 
sample of chromium containing 98.3 percent chromium,‘ and a curve 


—__. 
‘Impurities principally aluminum and iron, but amounts were not indicated by Chevenard. 
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from Hidnert [1] on two samples of electrolytic chromium (99.3 ang 

98.7 percent). A curve drawn through the circles representing the 

averages of the coefficients of expansion obtained in the present inyes. 

tigation at various temperatures from 40° to 650° C lies close ty 

Chevenard’s curve betwee, 

x 107%. 80° and 350° C and close ty 

8 eles iia | 7 Hidnert’s curve for electro. 

lytic chromium at_ highe 
temperatures. 

The curves in figure 8 
indicate coefficients ® of ex. 
pansion of samples 1284 an 
1285 at low temperatures 
Two curves from Erfling [§} 
on rolled-plate chromium 
and electrolytic chromium 
of unknown purity are in- 
cluded in the figure. The 
four curves show anomalies 
in expansion. The curve 
for sample 1284 (98.3-per. 
cent chromium) shows a 
maximum at about —50°C 
and a minimum at about 
0° C. The minimum of 
the curve for sample 1285 
(96.3-percent chromium) is 
at about —40° C. Erfling 
stated that his curves for 
sheet-rolled chromium and 
electrolytic chromium show 
maxima at —30° and at 
—10° C, respectively. 





COEFFICIENT OF EXPANSION 














V. DISCUSSION 





100°C 
TEMPERATURE Disch [6] appears to be 
FiaguRE 8.—Comparison of coefficients of expan- the first investigator who 
ston (per °C) and anomalies in expansion of reported an anomalous 
chromium obtained in the present investigation effect in chromium. He 
at low temperatures and in a recent investigation found that a sample of 


by Erfling [8]. . 

‘ ; ' chromium contracted on 
Curve 1.—Sample 1284, hot-swaged chromium (98.3 percent). : il aa 
Curve 2.—Sample 1285, _ —— (96.3 percent). cooling until the tempera- 
Curves 3 and 4 by Erfling [8] on sheet-rolled chromium and ~~ raacho ¢ = 182" 

electrolytic chromium, respectively. tur e rm ache d about 
C, but it expanded on 


further cooling. The contraction between +20° and —183° C was 
1.25 mm/m, and that between +20° and —190° C was 1.0 mmym. 
He was unable to obtain accurate values because the surfaces of the 
sample deformed at low temperatures. 

The present investigation shows that the expansion anomaly in 
chromium is spread over a range of temperature and is not abrupt s 
in the polymorphic transition, or phase change, of iron at about 910° 
C. The anomaly is reversible on heating and cooling, without 


5 Derived from the original observations in the third and the fourth tests on heating and on cooling. 





out 
of 
285 
) is 
ling 
for 
and 
10W 
at 


Expansion of Cast and of Swaged Chromium 123 
hysteresis. Bridgman [9] pointed out that phase changes in impure 
<bstances are spread over a range of temperature instead of being 
brupt, but that phase changes in the presence of impurity are 


a 


accompanied by hysteresis effects on account of the diffusion of the 
impurity from one phase to the other. As chromium does not show 
hysteresis, it appears that the anomaly does not represent a phase 


change. 

Erfling [8] found that the rate of expansion decreased slightly from 
hout —30° to +30° C for sheet-rolled chromium and from about 
-10° to 4+-30° C for electrolytic chromium. Larger decreases in the 
rates of expansion were noted in the present investigation on two 
samples of chromium (see fig. 8). The rate of expansion of the 
sample of hot-swaged chromium (98.3 percent) decreased from about 
—50° to 0° C. The curve for the sample of cast chromium (96.3 per- 
cent) indicates that the rate of expansion decreased from —100° to 
about =30° OF 

Anomalous effects in other properties of chromium have been ob- 
served by Bridgman [9] and Séchtig [10]. Bridgman’s curve for the 
relative electrical resistance of a swaged rod of chromium plotted as 
a function of temperature shows an anomaly at about 10° C. He 
found no hysteresis between resistance and temperature (—80° to 
+30° C). He concluded that for those substances which do not show 
hysteresis, the mechanism responsible for the anomaly may be some 
intimate affair of the structure elements, and cannot be anything like 
those changes of lattice type that involve tearing down and building up 
again the lattice structure with comparatively large motions of some of 
the elements of the lattice or like anything else that involves motion of 
the elements of the structure through large distances. 

Séchtig [10] investigated the electrical resistance of three samples 
of chromium. His curves show anomalies at about 40° C for electro- 
lytic chromium and sheet-rolled chromium, and at —3° C for chromi- 
um of lower purity.® He also found no hysteresis in the electrical re- 
sistance with increasing and decreasing temperatures. In the temper- 
ature range of the anomaly, Séchtig found no change in the magnetic 
properties or in the structure of chromium. He concluded that the 
anomalous behavior of chromium cannot be ascribed to a change in 
the lattice structure but to the changes in the elastic forces between 
the atoms and the movement or attraction of the electrons. 

Sasaki and Sekito [11] reported three crystalline forms of electrolytic 


| chromium. They found that the hexagonal form is transformed at 


room temperature into the body-centered cubic form after 40 days 
from deposition, and that the form of the a-Mn type is also trans- 
formed into the body-centered cubic form after about 230 days. Wood 
(12) found that on heating the hexagonal structure of electrodeposited 
chromium a transition to the cubic form began at about 100° C and 
was complete at about 130° C. 

_ The lack of hysteresis reported by Bridgman [9] and Séchtig [10] 
is confirmed by results of the present investigation between —190° 
and +300° C. Figures 2 and 6 show that the samples of chromium 
ndicate hysteresis on heating to 700° C and cooling to room temper- 
ature. 


* Purity of 3 samples of chromium not indicated by Séchtig. 
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As previous investigators failed to indicate the purity of the chr. 
mium samples on which anomalies were observed, it is not possible 
correlate these anomalies with the composition. The results of ¢} 
present inv estigation appear to indicate that the temperature at whic! 
anomalous expansion occurs decreases with decrease in the purity ¢ 


the chromium. 

Table 1 shows that the densities of the samples of chromium of th 
present investigation lie between 6.86 and 7.14 g/cm’. From the |g: 
tice constants for the hexagonal form, the body- centered cubic fory 
and the cubic form of the a-Mn type, Sasaki and Sekito [11] calculat, 
the densities 6.08, 7.21, and 7.48, respectively. The observed dens. 
ties are in closest agreement with the calculated density for the cub; 
form of chromium. 

In view of the fact that chromium of various purities indicate 
anomalies at low temperatures, it appears that investigation of {] 
properties of various chromium alloys at low temperatures may dis. 
close other anomalous effects. 


The author expresses his appreciation to the companies indicated 
in section II of this paper for the samples of chromium. 
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CHEMICAL REACTIONS OF THE CHLORITES 
WITH CARBOHYDRATES ! 


By Allene Jeanes ? and Horace S. Isbell 


ABSTRACT 


Interest in the chemistry of the chlorites has recently been stimulated by the 
commercial production of sodium chlorite. Until just a few months ago the 
literature afforded only meager information about the general chemistry of the 
chlorites, and knowledge of their chemical behavior with the carbohydrates was 
- limited to the fact that sodium chlorite bleaches the objectionable colored sub- 

ices in paper and cotton textile materials without weakening the cellulose 
8 A reagent possessing the desirable properties of sodium chlorite should 
find extensive use in the field of carbohydrate chemistry. To provide a guide for 
the application of the reagent and to determine how the characteristic groups and 
structures occurring in the carbohydrates react with chlorites, the authors under- 
took a systematic investigation of the reactions of chlorites with carbohydrate 
material of diverse character. 

This investigation has shown that at room temperature the nonreducing disac- 
charide, sucrose, is completely inert to chlorites under all conditions which do not 
involve acid hydrolysis, and that the ketoses, the polyhydroxy alcohols, and 
the aldonie acids are attacked only after treatment with chlorites for many days. 
In marked contrast to the glycosides, polyhydroxy alcohols, aldonie acids, and 
ketoses, the aldoses are oxidized readily and give the corresponding aldonie acids. 

The aldopentoses are oxidized more rapidly than the aldohexoses, and the 

mosaccharides more rapidly than the disaccharides. The reaction is slow in 
neutral solution but rapid in acid solution. Quantitative measurements under 
various conditions have revealed that chlorous acid is the oxidant and that the 
| reaction corresponds in large measure to the following equation: 


RCHO+3HC1O.——>RCOOH + 2C10,+ HCl+ H;,0. 
(Aldose) (Aldonic acid) 
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I. APPLICATION OF CHLORITES IN THE 
CARBOHYDRATE FIELD 


Recently sodium chlorite has become commercially available ang 
it has been advocated as a very useful bleaching agent for wood pulp 
and cotton textile materials [1].° The new reagent appears to oxidiz: 
and bleach the objectionable colored substances without materially 
altering or injuring the cellulose fibers. Aside from the bleaching 
action on cellulose very little was heretofore known concerning th; 
reactions of chlorites with carbohydrate materials.‘ 

The carbohydrates contain several characteristic groups whic 
exhibit spe cific reactions with various oxidizing agents. Chlorine 
bromine, hypochlorite, hypobromite, and hypoiodite react readily 
with aldoses to give the sugar acids or their lactones. On prolongei 
treatment with “these reagents, the oxidation proceeds further an 
gives rise to lower acids, together with ketonic and dibasic acids 
Oxidation of the ketonic group usually results in the cleavage of the 
carbon chain and the formation of lower acids. On oxidation With 
cupric acetate or phenylhydrazine, the sugars yield osones Hydrogen 
peroxide, in the presence of iron salts, oxidizes the aldonic acids to t} 
next lower sugars. Other reagents, such as periodic acid or lead latin 
acetate, cause cleavage of the carbon chain and give dialdehydes, 
These examples clearly show that extensive genet ralization concerning 
the behavior of oxidizing agents with the carbohydrates rannot be 
made and that, in advance of this experimental study, the reactions of 
the new reagent could not be predicted. 

In order to determine the behavior of chlorites with each of the 
constituent parts of a typicalgcarbohydrate, a number of simpl 
sugars and sugar derivatives were treated with chlorites in solutions of 
different acidity and the progress of the reactions was followed by 
determination of the optical rotation, acidity, and the amount of r- 
ducing sugar and chlorite. In these experiments, sucrose, methy| 
a-d-glucoside, mannitol, sodium gluconate, levulose, lactose, glucose, 
and arabinose were used to represent nonreducing disaccharides, th 
pyranosides, the open-chain polyhydroxy alcohols, aldonic acids, the 
ketoses, the reducing disaccharides, the aldohexoses, and the pentoses, 
respectively. These substances contain nearly all of the structuml 
groups characteristic of the carbohydrates which might be used in 
conjunction with the new reagent. 

Our results reveal that the glycosidic linkages in sucrose and it 
methyl a-d-glucopyranoside are not altered by chlorites, except int 
presence of acid, which causes the well-known acid hy drolysis. Even 
after treatment for 105 days, neutral and alkaline sucrose solutions 
containing chlorites gave no indication of oxidation (see table | 
During the first 14 days samples of sodium gluconate and magnesiu 
xylonate were not appreciably affected by chlorites; but on longer 
treatment small changes were observed. These observations cle arly 
show the inertness of the carboxylic and as alcoholic groups of the 
carbohydrates to oxidation by chlorites. Levulose (table 2) was not 
appreciably affected by chlorites in the course of several days, but in 
21 days some oxidation had occurred, as shown by a slight decrease in 


3 Figures in brackets indicate the literature referenves at the end of this paper. 

‘In 1939 M. C. Taylor, in conversatiou with one of us (Isbell), mentioned the production of sodium 
chlorite by the Mi athieson Alkali Works and offered to supply some of the salt for investigation in thec 
hydrate field. Shortly thereafter a sample, originally donated by the Mathieson Alkali Works, Inc 
obtained through the courtesy of A. L. Pitman, of the Bureau of Agricultural Chemistry and Engineering 
U. S. Department of Agriculture. 
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reducing power. In marked contrast to the nonreducing carbohy- 
drates and the ketoses, the aldoses are oxidized readily (tables 3 and 
4), In subsequent paragraphs it will be shown that each aldose is 
oxidized to the corresponding aldonic acid and that the oxidation re- 
action provides a means for investigating the chemistry of chlorous 
acid. 


Chemical Reactions of the Chlorites 


Jeanes 
Isbell 


TABLE | 








Behavior of nonreducing carbohydrates with chlorites in aqueous solutions 
™~ 


at 20° ( 





Sodium chlo- 
| rite 
(5g of NaClOs 
in 100 ml) 


Sodium chlo- 

rite+sodium 

bicarbonate 
(5gof NaClO3+ 
5gof NaHCO; 


Calcium chlo- 


rite (4.3 g 
of Ca (C103)3 
in 100 ml) 


Sodium chlo- 
rite+sodium 
carbonate (4.8 
g of NaClO3+ 
5.3 g of NasxC Os 


Calcium chlo- 

rite+calcium 

carbonate (4.3 

g of Ca(ClOs2)s 
1 


Sodium chlo- 


rite in acid 
solution > (5 g 

of NaCl0O2+- 
0.028 mole of 

HsPO,in 


in 100 
ml+CaC0Os3) 
pH=7.5 ® 


pH=8.78 in 100 ml) 


pH=8.9 


pH=7.2 4 in 100 ml) 


pH=10.1* 








Time 


jays 


Optical rotation 
2-dm tube (°S) 
Titer ¢ (m10.1N 
Optical rotation 
2-dm tube (°S) 
NaHSO3/ml) 
Optical rotation 
2-dm tube (°S) 
NaHSO3;/ml) 
2-dm tube (°S) 
NaHS0Os3/ml) 
2-dm tube (°S) 
2-dm tube (°S) 


, NaH SO3/ml) 


Optical rotation 


Optical rotation 
Optical rotation 
NaHS0Os3/ml) 


NaHS0O3/ml) 
Titer ° (m1 0.1.N 


Titer ¢ (m10.1_N 
Titer ¢ (m10.1 N 
Titer ¢ (ml 0.1 N 


Titer ° (m10.1 N 





Sucrose (10 g of Ci2Ha20n per 100 ml) 





+38.5 
+38. 30 
+38. 40 


19.4 | +36. 50 +36. 40 





, +37. 
21.4 | +37. 70 
18.9 | +37. 75 


NMWwhwNwhMryty 
Seer ee 
COW RADOS 





Metby] «-d-glucopyranoside (10 Os per 100 ml) 





+90. 10 

+90. 10 

+90. 20 |- 
| +90. 45 


22.0 
22.0 


+90. 40 5 U5 Een (ie meee eee Sas See eee : +90. 00 
-| 22. ne “ eas .--.-]| +89. 85 
oe 1. es ae = ----| +89. 75 








21.9 
| 





Mannitol (10 g of CeH140¢ per 100 ml) 
Inactive} 22.0 
Bee fer eee 21.4 
~---|"20.5 20.8 

.-| 16.9 20. 1 





Inactive} 22.0 





yer 100 





22. 0 

21.5 
20.6 
19. 2 


Ma 
+8.80 | 22.0 ].........]..... ial 


+8.80 | 21.8 | - ie a ae 
+8. 60 | 21.7 ‘ 


| +8.00 
| *+8.00 
+7. 63 


+7. 10 | 



































The pH values were measured at the beginning of the experiment. 
» The samples were kept in sealed glass tubes. 
¢ The values under this heading were obtained by titrating with NaH SOs solution the iodine liberated by 
treatment of the solution with potassium iodide and acetic acid, and they correspond to the sum of the 
chiorite, chlorous acid, and chlorine dioxide which remain in solution. Under the experimental conditions 
‘ployed part of the chlorine dioxide escaped during the manipulations. 
,, The initial drop in the “titer” was caused by the loss of chlorine dioxide gas during the preparation of 
he samples, The “titer” at zero time was calculated from the amount of sodium chloride originally added. 
A control experiment run in the absence of any carbohydrate, using sodium chlorite, phosphoric acid and 
ter in the proper proportions, gave the following results: 


Time in days 1 3 5 a 
“Titer” ml 0.1 N NaHSOs/ml__.- (22.1) 12. 2 10.9 10.6 9.6 
a slight rise in optical rotation was caused by slight evaporation of the solution over the long period of 


*At this timo the solution turned slightly yellow, which is evidence of the formation of C103. 
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TaBLE 4.—Ozxidation of glucose at 20° C by chlorous acid in solutions of differe,; 
acidities 





| | : 
Saturated benzoic acid |} 0.56 Maceticacid || 0.19 M phosphoric acid } 0.56 M phosphoric ae 





| | 1] 

0.056 mole d-glucose || 0.056 mole d-glucose || 0.056 mole d-glucose || 0.056 mole — d-ghyeyg, 
+0.056 mole sodium |} +0.056 mole sodium || +0.056 mole sodium I] +0.056 mole lin: 
chlorite in 100 ml || chlorite +-0.056 mole || chlorite +0.019 mole |; chlorite +0.056 m9, 
solution saturated || acetic acid in 100 ml |} phosphoric acid in 100 || phosphoric acid {; 
with benzoic acid at |} solution at 20° C. | mlsolution at 20° C. | mlsolution at 29°; 
20° C. i} 1] 


| Optical | Optical | | Optical | | Optical 


Time | rotation | >H | Time | rotation | . Time | rotation | || Time rotatior 
(min) /|2-dm tube I 
"'S) 


(min) |2-dm tube || (min) | 2-dm tube | 1} (min) |2-dm tube ! 
( Baw (°S) | }| °S) 


| 
| 


ae 429.35 | 4.2 || 5.3 | 498.30] 3.7 || 6.1_- +25. 
28.0. 4-27.89 | 4.6 || 15.3_- 425.84 | 4.1 || 22.8... +25, 
64.0 426.87 | 4.7 || 30.3- 424.64 | 4.3 || 30.1__. +24. 6 
122.4.-_| 425.78 | 4.8 || 133.0 | +2298] 4.3 || 129.3 -.| +424. 
1,275.0.-.| +21. 97 | 4.9 || 1,304.0} +21.43 | 4.2 |] 1,440.0.) 421.7 


Sugar oxidized, 31.5 per- |! Sugar oxidized, 29.9 per- |} Sugar oxidized, 28.3 per- || Sugar oxidized, 27.2 per 
cent * | cent * cent ® \} cent ® 


® The percentage of oxidation was calculated from the reducing-sugar content at the time of the last sam, 


ipie 


II. OXIDATION OF ALDOSES WITH CHLORITES IN 
NEUTRAL AND ACID SOLUTION 


The present investigation has revealed that under suitable condi- 
tions the aldoses are oxidized to aldonic acids by chlorites and that 
during the course of the reaction chloride, chlorine dioxide, and 
chlorate are produced. Inasmuch as the oxidation is slow in neutral 
and in alkaline solutions as compared with the oxidation in acid 
solutions, it appears that chlorous acid, or some substance derived 
therefrom, is the oxidant. Since chlorous acid decomposes spor- 
taneously into chloride, chlorine dioxide, and chlorate, [2] these sub- 
stances must be considered as possible oxidants in the aldose reaction. 
Previously Schmidt and Graumann [3] reported that several simple 
carbohydrates, including glucose, arabinose, levulose, and _ sucrose, 
were inactive in respect to aqueous chlorine dioxide. We have found 
(table 5) that the aldoses are oxidized slowly by chlorine dioxide and 
that in the absence of a buffer, sucrose is hydrolyzed. Nevertheless, 
the oxidation of aldoses by chlorine dioxide is very slow, and conse- 
quently, chlorine dioxide cannot be responsible for the rapid oxidation 
observed in solutions containing chlorous acid. 

Other measurements (table 6) have shown that the aldoses are not 
oxidized by chloric acid or by chlorates and that neither of these sub- 
stances can be the oxidant. Thus none of the products that ar 
ordinarily formed during the decomposition of chlorous acid ar 
particularly reactive, and it seeins probable that the oxidation of the 
aldoses is effected by chlorous acid. 
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Carbohydrates treated with chlorine dioxide in aqueous solution ® at 20° C 
Yy 


j " Wneose = ™ Sucrose 
!-Arabinose 7 d-Glucose Levulose _ bs (10 g of CisH3011 
(8.3 g of CsH 1005 in (10 g of Co6Hs30¢ in (10 g of CeHi30¢ in in 100 ml) 
100 ml) 100 ml) 100 ml 


| 
| 


sugar | 


(mg/ml) 


| 
} 


sugar 
| Titer (ml 0.1 N| 


nl) 


tube (°S) 


(mg/ml) 
(mg/ml) 


NaHSO;/ml) 


NaHS03;/ml) 


2-dm tube (°8) 
2-dm tube (°S) 
Titer (ml 0.1 N } 

2-dm tube (°S) 


Reducing 
| Optical rotation 


Titer (ml 0.1 N } 
Optical rotation 
| 
| 


| Optical rotation | 


| Reducing 


Reducing 


| 
' 


38.40 | _. J 

iq 4 100. 2 | 13. +33. 28 15. 2 
= | 99.0 | 14. ¢ . 40 15.5 
99.0 12. . 90 13.9 





tions contained eaisiiuna: 3.3 g of ClO2 per 100 ml and were kept in sealed iia tubes in 


iarked change in optical rotation is the result of inversion caused by acid formed from the chlorine 


: 6.—Carbohydrates treated with chlorates in neutral and in acid solutions * 





= — 





1-Glucose (10 g in 100 ml) | Levulose (10 g in 100 ml) | Sucrose (10 g in 100 ml) atee 100 ml) 


7 ———_—_—- - . — 


| | | 
| | 
K fate ae KIO ye 282 Oe (KC 104 
15 M | 0.56 af | 0.98 M 10.15 M | 0.56 1 | 0.55 M | 0. Ei | 0.56.3 ve M | O58 AL 
KC103| with | phos- | KC10sz | with | phos- | ys : C with 
poy phoric | | a | Phoric | | acid 
acid | | acid as 





| 





| | | 


os | og | eg | o§ | og | °s 
4-80. 50) | : 

+30. 50) +30. 65 | —54. 35] —54.35) —55. 00 

+30. 45 +30.05) +39. 45) ~-54.36| —54.10) —54. 80) +38. 40| "29. 50) —12. 55) +49. 15; “4-49. 2 


30.40! +30. 60 +-30.45| —54.50| —54. 35) 54. 65) +38. wo 491. 75)o—13. 2 30 +49. 40 +49. 25 
| | | 


| 438 - 438. 30 +38 14 | 4-49, 0 +49. 50 





i! rotations in °S, read in a 2-dm tube, at 20° c. 
pties fe r ti ation of a el solution containing 10 g of completely bydrolyzed sucrose is calculated 
be approximately —12.2 


Investigation of the quantitative aspects of the reactions of the 
chlorites with the carbohydrates has been greatly complicated by the 
instability of chlorous acid. When one equivalent of a mineral acid 
is added to a cold aqueous solution containing sodium chlorite, the 


| solution develops a yellow color which soon turns to reddish brown; 
5 on further standing, a yellow gas, presumably chlorine dioxide, is 


evolved and the solution becomes light yellow. Very litle is known 
concerning the intermediate compounds necessary to explain these 
color changes. When an aqueous solution containing a chlorite and 
un aldose is acidified, the color changes previously noted for the 


‘chlorite alone are observed in somewhat more rapid sequence. An 


examination of the reaction in detail reveals that the oxidation of the 
aldose proceeds rapidly at first and then more slowly. After the initial 
rapid reaction the dark color, probably due to chlorous acid, disap- 
pears and the oxidation of the sugar virtually ceases, even though the 
solution contains both chlorine dioxide and chloric acid. The rapid 
initial oxidation reaction proceéds more rapidly in strongly acid solu- 
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tion than in less acid solution. Thus, as shown by the results give; 
in table 4, when glucose is treated with sodium « -hlorite and phosphor; 
acid at pH 2.1, ‘the reaction is substanti ally complete in 6 minutes 
but at pH 4.2 the oxidation reaction continues over a period of sever! 
hours. Although the rate of reaction increases markedly with increas. 
ing acidity, the : amount of oxidation produced by a given qu: intity o! 
chlorite decreases slightly with increasing acidity. The smaller quan. D- 
tity of sugar oxidized in the more strongly acid solutions suger: 
that part of the chlorous acid undergoes a competitive side react 
and that the distribution of the chlorous acid between the ¢ canipe 
tive reaction and the carbohydrate reaction is influenced by { 
acidity. The existence of a competitive side reaction is in accord 
with the well-known decomposition of chlorous acid in acid solution, 
According to the work of Taylor, White, Vince nt, and Cunningham 
[1], the reaction of sodium chlorite with acetic acid at pH 2.5 produces 
chlorine dioxide and chloric and hydrochloric acids. W he n the solu 
tion is aerated to remove the chlorine dioxide as it is formed, the fing! 
products may be represented approximately by reaction I; but as 
suggested by Taylor, White, Vincent, and Cunningham, the chlorin 
dioxide and the chloric acid might be formed by separate reactions 
Under suitable conditions chloric acid may be produced from chlorous 
acid by reaction II, or from chlorine dioxide by reaction III. In th 
presence of reducing agents, such as the aldoses, chlorous acid migh: 
be completely reduced to chloride (reaction IV), or it might be par- 
tially reduced and partially oxidized to give chloride and chlorin 
dioxide (reaction V). Since reactions I to V may take place simul- 


taneously, interpretation of the oxidation process is a highly compli- 
eated problem. 


4HC1IO.——HCI1O;+ HCl-+- 2C102+- H,0 
8HClO.—- HCl + 2HCIO; 
2C10,+ H,.O—>H CIO, + HCIO; 


2RCHO+ HCIO.——>2RCOOH + HCl 
(Aldose) (Aldonic acid) 
RCHO+3HCIO.—— RCOOH + HCl1+-2C10.-+- H,0 
(Aldose) (Aldonie acid) 

A better understanding of the course of the oxidation reaction can 
be derived from consideration of the quantitative relationships 
between the amounts of sugar oxidized and the reaction products. 
A summary of the results obtained by the treatment of glucose (1 
with 3 moles of chlorous acid at 0° C, (2) with 1 mole of chlorous acid 
at 20° C, and (3) with one-half mole of calcium chlorite in a solution 
buffered with calcium carbonate, is given in table 7. In each case th 
reaction products correspond roughly to those required by the reac 
tion of equation V. In the first experiment 1 mole of glucose con- 
sumed 3.83 moles of chlorous acid and gave in addition to glucon 
acid, 1.35 moles of chloride, 0.47 mole of chlorate, and 2.01 moles of 
chlorine dioxide. According to reaction IV 1 mole of glucose woul 
produce only 0.5 mole of chloride, while reaction V would result in t! 
formation of 1 mole of chloride. Since more than 1 mole of chlori 
was isolated, it appears that reaction’ IV can be regarded as of littl 
importance under the conditions of this experiment. 
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TaBLE 7.—Quantitative study of the products formed by the oxidation of glucose with 
~ chlorites in acid and in neutral solutions 








I II Iil 
0.0555 mole of | 0.0555 mole of | 9.0555 mole of 
| glucose-+-0.1516 | glucose+0.0531 | glucose+-0.0248 
mole of mole of mole of 
Constituents | NaCl0+0.168 | NaCl03+0.056 | Ca(Cl0y)3 in 
—_ of ger —_ of ope 100 ml+CaCO,; 
} acid in 100 ml | acid in 100 m °tor? 
| at 0° C for 24 | at 20° C for 24 | at »” deal ‘ 
hours hours Gave 


Moles Moles Moles 
Chlorous acid consumed per mole of glucose oxidized____| 3. 83 3.19 2. 59 
Chloride formed per mole of glucose oxidized aes sl 1.35 1. 24 
( Chlorate formed ed mole of glucose oxidized... -_..___ __| -47 .14 

‘hlorine dioxide lost per mole of glucose oxidized _ 2.01 1.82 | 


| Oxalic acid formed per mole of glucose oxidized ‘ none none | 





The utilization of more than 3 moles of chlorous acid per mole of 
glucose shows that the oxidation proceeds beyond the gluconic acid 


P stage, Or a that part of the chlorous acid was decomposed either by 


reaction I or by reaction II. The production of only 2 moles of 


' chlorine pt per mole of sugar indicates that the excess of chlorous 


acid probably did not undergo reaction I, while the excess of chloride 
ot chlorate found suggests that part of the chlorous acid was con- 
verted to chlorate and chloride by reaction II. It appears that in 
highly acid solutions the oxidation of glucose follows reaction V with 
small deviations, which may be explained by competitive reaction 


Il. Chlorites in aqueous solution in the absence of reducing agents 
are stable for long periods of time. Hence the conversion of chlorous 


acid to chloric acid by reaction II does not take place readily in neutral 
ome eee and under such conditions one might anticipate that very 
tle of the chlorous acid would undergo decomposition. As a matter 


‘of fact, when the oxidation was conducted in neutral solution (experi- 


tl IID 1 mole of glucose reduced 2.59 moles of chlorite and gave 
in addition to gluconic acid, 1.24 moles of chloride, 0.51 mole of 
chlorate, 0.85 mole of chlorine dioxide, and 0.01 mole of oxalate. 
The quantity of chlorine dioxide separated in this experiment is 
much less than that required by reaction V. This discrepancy finds 
exple ination in the chemistry of chlorine dioxide. Other experiments 
ive shown that chlorine dioxide in aqueous solution in the presence 
of calcium ¢ ‘arbonate is slowly decomposed according to reaction 


Pili, By thie reaction 1 mole of chlorous acid and 1 mole of chlorate 


are formed from 2 moles of chlorine dioxide. Hence, if we assume 
that the chlorate found in the experiment under discussion is a measure 
of the amount of chlorine dioxide which had been hydrolyzed, we may 
calculate that the 0.51 mole of chlorate (determined by analysis) 
ras derived from 1.02 moles of chlorine dioxide. By adding this 
quan me? to that found experimentally, we may calculate that 1.87 
moles of chlorine dioxide were produced. This compares fav orably 
with the 2 moles required by reaction V. Furthermore, the hydrolysis 
of the chlorine dioxide would have produced 0.51 mole of chlorous 
acid, which would have been used in oxidation and would make the 
total chlorous acid used 3.10 moles in comparison with 3 moles 
required by reaction V._ Thus the results in neutral solution may be 
laine! by reaction V in conjunction with reaction III. The 
presence of a small quantity of oxalic acid among the oxidation 
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products shows that part of the sugar is oxidized beyond the aldop; 
acid stage, and this may account for the production of slightly mo, 
than 1 mole of chloride. Similar studies with l-arabinose and lacto«, 
revealed that in each case calcium aldonate, calcium oxalate, chlori(, 
chlorine dioxide, and chlorate are produced. By comparison of {] 
results obtained in neutral solution with those obtained in acid gol). 
tions, it will be noted that the reactions differ mainly in the reactjo, 
rates and in the relative importance of the side reactions IT and Jj] 
In highly acid solutions reaction II is important, while in neuty 
and in slightly alkaline solutions reaction III is important. 

The oxidation of aldoses with chlorites, even in neutral solutiop, 
appears to depend in large measure on the presence of chlorous acid 
When an aldose is treated with a chlorite in neutral or slightly alkalin: 
solution, considerable time elapses before a relatively rapid reactioy 
begins. Ordinarily the oxidation does not become pronounced untij 
after the lapse of several days, at which time the formation of chloriy, 
dioxide is shown by the evolution of a yellow gas. The length of t) 
induction period varies erratically with different sugars and with di. 
ferent samples of sodium chlorite. The end of the induction period js 
marked by the appearance of the yellow color caused by chlorin 
dioxide, and is accompanied by a significant increase in acidity 
These observations confirm our conclusion that the oxidizing agent js 
chlorous acid. Presumably during the induction period the rate o 
reaction is slowly accelerated by the formation of chlorous acid, whic) 
oxidizes the carbohydrate and forms acids which in turn liberat; 
additional chlorous acid and thus further increase the rate of oxidation, 

Reference to table 3 shows that oxidations utilizing calcium chlorite 
exhibit a shorter induction period than those using sodium chlorite, 
either alone or in conjunction with sodium bicarbonate. Inasmuch as 
a freshly prepared aqueous solution of calcium chlorite is pale yellow 
and has the odor of chlorine dioxide. it must contain some free chlor- 
ous acid. In the concentrations employed in this investigation, solu- 
tions containing calcium chlorite have an initial pH of about 7.5. In 
table 8 it is shown that the rate of oxidation increases very rapidly 
as the pH of the solution falls below 8. 


TABLE 8.—Ozidation of pentoses with sodium chlorite in the presence of sodiu 
bicarbonate 








d-Xylose l-Arabinose 





8.3 g of d-xylose+4.83 g of sodium chlor- | 8.3 g of l-arabinose+4.83 g of sodium chlor 
ite+50 ml of sodium bicarbonate solu- ite+50 ml of sodium bicarbonate solu 
tion (saturated at 20°C) per 100 ml of tion (saturated at 20°C) per 10 ml «! 
Time (days) solution solution 





pe oe Reducing | Sodium a Reducing | Sodium 
2-dm tube sugar chlorite * 2-dm tube sugar chlorite * 
sy (°s) (mg/ml) (mg/m!) (°S) (mg/ml) (mg/ml) 


| 49.30 9 +49. 85 83.3 
+9. 20 ; 7 446.95 78.0 

49, 15 3. "5 | *420'10 

{7 

1 


| 
i 
| 
| 
| 
| 








*+8,95 s . +21. 70 
+8. 75 1. +20. 30 























® Any chlorine dioxide in the sample was removed by aeration with nitrogen, and the chlorite was de!" 
mined by titration of the iodine liberated from potassium iodide in acetic acid solution. 
* Indicates first appearance of yellow color in the solution. 
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It is of further interest to note the changes in acidity which accom- 
pany and follow the treatment of! carbohydrates with chlorous acid. 
Sam iples of various sugars were permitted to react with sodium chlorite 
and phosph oric acid in sealed tubes, and at intervals the tubes were 
opened anc d the acidity was measured with a glass electrode. It will 

observed from the data given in table 9 that in the absence of any 
arbohydrate or in the presence of sucrose or methyl a-d-glucoside, 
the acidity decreases from about pH 2.2 to about pH 2.8 and then 
in reases to about pH 2.3. The initial decrease in acidity is caused 

yy the formation of chlorine dioxide (reaction I), and the subsequent 
increase in acidity is caused by the slow hydrolysis of the chlorine 
dioxide with the formation of hydrochloric and chloric acids (reaction 
Il). Presumably, in a closed system an equilibrium would be 
established between the chlorine dioxide, and the hydrochloric, 
chloric, and chlorous acids. In the experiments in which glucose, 
arabinose, and xylose were oxidized by chlorous acid, the acidity 
decreased rapidly to a minimum and then increased slowly. The 
initial decrease in acidity parallels the formation of chlorine dioxide 
and the rapid oxidation of the sugar, according to reaction V. The 
subsequent increase in acidity is presumably caused by the slow 
hydrolysis of the chlorine dioxide (reaction II]). In this connection, 
it will be recalled that these experiments were conducted in closed 
tubes to prevent the loss of chlorine dioxide. After standing for 7 
days, the acidity of the solutions containing oxidizable sugars was 
ereater than the acidity of the solutions not containing easily oxidiz- 
able carbohydrates. The higher acidity found in the solutions 
containing oxidizable sugars arose from the formation of a larger 
quantity of hydrochloric acid and from the presence of aldonic acids 
formed in the course of the reaction. These remarks suffice to explain 
the observations, but it might be mentioned that part of the change in 
acidity may have arisen from the formation of sugar acid lactones and 


their subsequent hydrolysis. 


ye 


TABLE 9.—Changes in the acidity of carbohydrate solutions containing aqueous 
chlorous acid ® 


| | mer 

Control | d-Glucose | Levulose |l-Arabinose| d-Xylose | Sucrose | Methst : 

(no | (Ogin | (Ogin | (&3gin | (83¢in | (Ogin | (10° in 100 
sugar) 100 ml) | 100 ml) 100ml) | 100ml) | 100ml) | ae. 


pH | pH | pH |. pH pH pH 
2.2 (b) | 2.1]  (b) 2. 


| 
{| 24 
2 | 3 


twp 


ous acid was prepared from equal volumes of 1 M sodium chlorite and 0.5 Jf elneieains acid. 
s were kept at 20° C in sealed glass tubes. 
substance gave arapid, exothermic reaction. The acidity at the beginning is presumably the same 
s that of the control experiment conducted in the absence of carbohydrate. 


At the beginning of this investigation, it was thought likely that 
the ring modifications of the aldoses might be oxidized directly to 


lactones in a manner analogous to that ‘previously observed in the 
oxidation - the aldoses with bromine water [4, 5). Unfortunately, 


200723—41——-3 
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the oxidation with chlorous acid in neutral solution is so slow thy: 
equilibrium between the delta lactones and the acids is establish, 
as the reaction proceeds, and although the oxidation in strongly ag; 
solution is fairly rapid, the delta lactone under these conditions ; 
also split rapidly. Thus, our measurements (changes in pH and jy 
optical rotation) do not give information concerning the character o! 
the oxidation product. 

Inasmuch as the reducing sugars in solution contain a number oj 
isomeric modifications in dynamic equilibrium, it is of interest ty 
ascertain, if possible, the relative rates of reaction for the separat, 
modifications. Preliminary information on this subject was obtained 
by the oxidation of alpha and beta glucose under such conditions tha; 
the interconversion of the alpha and beta isomers is slow in comparisoy 
with the oxidation reaction. The sugar was mixed with a solutioy 
containing sodium chlorite and acetic acid at 0° C, and the oxidation 
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MINUTES 
FicureE 1.— The oxidation of the alpha and beta modifications of d-glucose by chlorous 
acid at O° C 
The reaction solutions were prepared at 0° C from 0.056 mole of the sugar, 0.167 mole of sodium chlorite 
and 0.167 mole of acetic acid in sufficient water to give 100 mi at 0° C. At intervals 12-ml samples were 


removed and added to equal volumes of 3M sodium bisulfite solution at 0° C. The temperature was allowed 
to rise to 20° C, and after 24 hours the optical rotation of the sample was read in a 4-dm tube. 


was followed by optical rotation measurements made on samples of 
the solution taken from time to time. The oxidation reaction in the 
samples was stopped by the addition of sodium bisulfite, and the 
optical rotation of the sample was read after equilibrium was estab- 
lished. The results so obtained are recorded in figure 1. 

A comparison of the curves given in figure 1 shows that a-d-glucose 
is oxidized by chlorous acid slightly more rapidly than 6-d-glucose. 
The relationship is the opposite of that found by one of us for the 
oxidation of the a- and B-aldoses with bromine water [5, 6], in which 
case it will be recalled that 8-d-glucose is oxidized approximately 5! 
times as fast as a-d-glucose. As might be expected, the curve obtained 
for the data representing the oxidation of glucose in the equilibrium 
solution lies between the curves representing the oxidation of the 
alpha and beta isomers. A difference in the rates of oxidation for the 
alpha and beta isomers also explains the small rise in optical rotation 
observed during the oxidation of xylose (see table 3). 
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III. EXPERIMENTAL DETAILS 
|. REACTIONS OF CARBOHYDRATES WITH CHLORITE SOLUTIONS 


In order to obtain information as to which carbohydrate groups are 
reactive and as to the conditions which are suitable for a more detailed 
investigation, certain typical sugars and sugar derivatives were 
treated with chlorites under a variety of conditions and the reactions 
were followed by determinations of optical rotation and of reducing 
power, and by titration of the oxidizing agent. The results of these 
measurements are reported in tables 1, 2, and 3. In the reactions 
utilizing sodium chlorite, calcium chlorite, and calcium chlorite with 
calcium carbonate, the sugar or its derivative was dissolved in water 
and allowed to come to equilibrium, after which 50 ml of the chlorite 
solution was added and the volume made to 100 ml. The sodium 
chlorite solution was approximately 1.1 M, while the calcium chlorite 
was about 0.56 M. In the reactions in which sodium chlorite was 
used in conjunction with sodium bicarbonate, the sugar or sugar 
derivative was dissolved in 25 ml of sodium bicarbonate solution 
saturated at 20° C) and allowed to come to equilibrium. Then 50 
ml of 1.1 \4 sodium chlorite solution was added and the solution was 
made to 100 ml by the addition of saturated sodium bicarbonate 
solution. In the reactions using calcium chlorite in the presence of 
calcium carbonate, 100 ml of the sugar-calcium chlorite solution was 
poured into a bottle containing 10 g of precipitated calcium carbonate, 
which was kept in suspension by frequent shaking. On account of the 
large amount of gas liberated, the oxidations with chlorous acid were 
conducted in a slightly different manner and will be*described in a 
subsequent paragraph. The solutions containing the reacting mix- 
tures were kept in a room maintained at 20° C, from which sunlight 
was excluded. From time to time samples were taken and analyzed 
in the following manner: 

Ten milliliters of the solution undergoing oxidation was transferred 
to a 2-dm polariscope tube and the optical rotation was read. Then 
5iml of the solution was removed from the polariscope tube and diluted 
to 25 ml. The solution remaining in the tube was used for the 
measurement of pH with a conventional pH meter, using a glass 
electrode. A 10-ml sample of the diluted solution was then slowly 
added to a solution prepared from 15 ml of 10-percent potassium 
iodide and 15 ml of 30-percent acetic acid. The iodine liberated was 
titrated in a 100-ml sugar flask with a 0.2 N sodium bisulfite solution § 
standardized at frequent intervals with potassium dichromate solution. 
The titration is a measure of the quantity of chlorite and chlorine 
doxide in the solution [7]. The solution from the sodium bisulfite 
titration was cooled in ice water and neutralized to phenolphthalein 
with 30-percent sodium hydroxide solution, and ultimately made up 
to 100 ml at 20° C. From this neutral solution, samples of 5 or 10 
ml were taken for the determination of reducing-sugar values by means 
of the modified Seales procedure and the factors determined by 
Isbell, Pigman, and Frush [8]. 

The measurements utilizing chlorous acid were conducted in sealed 
tubes using essentially the same proportions of sugar and oxidant as 


‘Sodium thiosulfate could not be employed for this titration because the tetrathionate formed from 
sodium thiosulfate interfereyin the subsequent determination of reducing sugar. ‘ . 
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were employed in the measurements using chlorites. The sugar , 
sugar derivative and phosphoric acid were placed in the tube, pre. 
pared for sealing. After the tube and contents were cooled in 
water, the required quantity (10 ml) of 1 AZ sodium chlorite ‘ony 
was added and the tube was sealed at once. The tubes were k ept 
about 15 minutes in cold water and were then placed in a dark rooy 
at 20° C and allowed to stand until opened for analysis. A number 
of tubes were made up for each reaction mixture, and at state 
intervals the tubes were opened and the contents were analyzed 
Immediately after opening a tube, 5 ml of the solution was remoye 
and diluted to 25 ml for the determination of the oxidant and the 
reducing sugar by the procedure described in the preceding paragraph, 
The solution remaining in the tube was used for the de a of 
optical rotation and pH. Some of the reactions were very rapii, 
and it was necessary to estimate the constants at zero time by i iedhaee 
methods. The initial pH values of the highly reactive sugars wer 
postulated to be the same as those given by sucrose under like ali 
tions; the values for the initial optical rotations and the reducing 
sugars were determined by measurements on samples of the sugar 
containing phosphoric acid diluted with water, instead of with th 
sodium chlorite solution. The initial bisulfite titration was estimated 
by titration of a solution containing sodium chlorite and water 
diluted as described for the samples containing the sugars. 

In the experiments reported in tables 1 to 4 approximately 0.05¢ 
mole of the carbohydrate was treated with 0.056 mole of chlorit; 
in 100 ml. This proportion of chlorite is only one-third of that 
required for the oxidation of the aldoses by reaction V. Experiments 
using the theoretical quantity of chlorite have shown that the reactions 
are essentially the same as those in which only one-third the theoretical 
amount of chlorite was used. 


2. ACTION OF CHLORINE DIOXIDE ON SUGARS 


Chlorine dioxide was generated in an all-glass apparatus from a 
mixture of 25 g of potassium chlorate and 20 g of oxalic acid dihydrat 
to which 80 ml of a cold solution of sulfuric acid (made from 40 ml o! 
concentrated sulfuric acid and 90 ml of water) was added [3,9 
The mixture was well shaken and then warmed to 58° C in a wate! 
bath to initiate reaction and was kept at 50° to 58° C during th 
reaction. The chlorine dioxide gas was passed through water to 
wash it before it was absorbed in 250 ml of water kept at 0° C by a 
ice bath. The reaction was complete in about 1 hour and gave about 
8 g of chlorine dioxide in solution. 

The measurements recorded in table 5 were conducted in the 
following manner: Ten-gram samples of glucose, fructose, and sucrose, 
and an 8. 325-g sample ‘of l-arabinose were made up to 50 ml with 
water. Ten milliliters of these solutions were introduced into tubes 
prepared for sealing, and the tubes and contents cooled to 0° C. Ten 
milliliters of the previously prepared ice-cold chlorine dioxide solution 
was then added to each tube while cooling was continued, and the 
tube was sealed and kept in the dark at 20° C. At stated intervals 
the solutions were sampled, the optical rotations and the reducing- 
sugar content were determined, and the sodium bisulfite titration was 
_— in the manner described for the reactions using chlorous 
acl 
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3. ANALYSIS OF OXIDATION PRODUCTS FOR CHLORIDE, CHLORITE, 
CHLORATE, AND CHLORINE DIOXIDE 


The investigations in which the reactions were followed by the 
amount of oxidation Were supplemented by experiments in which the 
decradation products of the oxidant were determined. In these 
experiments, the quantity of chlorite consumed in the reaction was 
eaiculated from the difference between the amount added and that 
remaining in the sample. The latter was determined by titration in 
acetic acid solution with thiosulfate according to the method described 
in reference [7]. Before titration the chlorine dioxide was removed 
by passing nitrogen through the solution. Chloride was determined 
as silver chloride in the conventional manner, and the “‘total chlorine 
content” of the solution after removal of the chlorine dioxide was 
determined by reducing all the chlorine compounds to chloride by 
heating with zine according to the method described on page 408 of 
reference [10]. The total chlorine content of the solution consists of 
the chloride, chlorite, and chlorate chlorine, and hence the chlorate 
chlorine was obtained by subtracting the chloride and chlorite chlorine 
from the total. The amount of chlorine dioxide was calculated from 
the difference between the chlorine originally added as chlorite and 
the chlorine content determined after removing the chlorine dioxide 
by volatilization. This calculation is based on the assumption that 
ie only volatile preduct containing chlorine is chlorine dioxide. The 
results obtained by these methods are given in tables 7 and 10 and 
are discussed on page 132. 

BLE 10.—Products formed by the oxidation of d-glucose with chlorites in acid 
and in neutral solutions 


Ill 
0.0555 mole of | 0.0555 mole of | 0.0555 mole of 
d-glucose+ | d-glucose+ d-glucose +- 
| 0.1516 mole of | 0.0531 mole of | 9.0248 mole of 
Constituents | NaCl03+0.168 | NaCl05+0.056 | Ca(Cl02)s in 
mole of acetic | mole of acetic | 100 ml+CaCO 
acid in 100 ml | acid in 100ml | at 20° Ofor 
at 0° C for at 20° C for 7 days 
24 hours 24 hours 


Moles | Moles Moles 
blorite (initial ; : 0. 1516 | 0. 0531 0. 0495 
lorite unreacted | . 0000 | . 0001 . 0081 
1s acid consumed - 1516 | . 0530 . 0414 
se oxidized . 0396 . 0166 . 0160 
lorine in nonvolatile products . 0721 | . 0230 . 0359 
med in reaction . 0533 | . 0206 . 0197 
lus chlorate, formed 0721 | . 0229 . 0278 
rate, formed : oe . 0187 . 0023 . 0081 
ne dioxide lost m . 0796 . 0301 . 0136 


4. ISOLATION OF THE OXIDATION PRODUCTS 


(a) OXIDATION OF d-GLUCOSE IN NEUTRAL SOLUTION 


Twenty-five grams of d-glucose and 12 g of calcium chlorite were 
dissolved in water and made to a volume of 250 ml. This solution 
was mixed in a glass-stoppered flask with 25 g of precipitated calcium 
carbonate and allowed to stand at 20° C in the dark with occasional 
shaking. In the course of 7 days, the glucose content dropped from 
100 mg/ml to 66 mg/ml and the pH changed from 7.2 to 5.9. On the 
ith, 9th, and 15th days, 6-g portions of calcium chlorite were added. 
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On the 16th day the glucose content was 32 mg/ml; at this time t}, 
solution was placed in a distillation flask and the chlorine dioxide y, 
removed by volatilization in vacuo at room temperature. Thy 
solution containing calcium carbonate and calcium oxalate in gy. 
pension was filtered and the insoluble residue washed with hot Wate 
The calcium carbonate residue was drie d, and the amount 9) 
‘alcium oxalate was determined by titration in sulfuric acid solutio, 
with potassium permanganate. The titration showed the presence 
of 0.492 g of calcium oxalate in the residue. This corresponds 
1 molecule of oxalic acid for each 24.6 molecules of glucose oxidize; 
The solution, containing the soluble products from the oxidatioy 
described above, was added slowly to 50 g of lime in 150 ml of water 
The resultant mixture was heated to 50° C, filtered, and the insoly}. 
basic calcium salts were w ashed with saturated limew ater. The basi 
salts were then suspended in water and treated with carbon dioxide 
until neutral to phenolphthalein. The carbonated solution was 
heated to boiling, filtered, and concentrated in vacuo to a thin sirup 
sufficient alcohol was added to saturate the solution, which was they 
seeded with calcium gluconate. After 24 hours the product was 
removed by filtration, washed with 75-percent aqueous alcohol, an 
air-dried. The crystals weighed 3.5 g and gave [a]J?=+8.5 (water: 
c,° 3). Calcium gluconate has a specific rotation of +8.5 [11]. The 
mother liquor gave a small second crop of crystalline calcium gluco- 
nate, but the residue could not be brought to crystallization. 


(b) OXIDATION OF /]-ARABINOSE IN NEUTRAL SOLUTION 


Twenty-one grams of l/-arabinose and 12 g of calcium chlorite were 
dissolved in water and the volume was made to 250 ml. The solution 
was mixed in a glass-stoppered flask with 25 g of precipitated calcium 
carbonate and allowed to stand at 20° C in the dark with occasional 
stirring. After 2 days the sugar content had dropped from 83.24 to 
44.40 mg/ml and the pH had changed from 7.5 to 5.5. On the 2 
and 5th days, 6-gram portions of calcium chlorite were added. 01 
the 6th day, when the sugar content had dropped to 6 mg/ml and 
considerable calcium arabonate had crystallized from solution, the 
chlorine dioxide was removed by volatilization at room temperature 
and the residual calcium salts were collected on a filter and washed 
with water. The calcium arabonate in the filtrate was separated by 
precipitation with 50 g of hydrated lime. The basic salt was collected 
on a filter and washed with limewater. Then the basic salt was sus- 
pended in water and carbonated until neutral to phenolphthalein. 
The mixture was heated to boiling, and the calcium carbonate was 
removed by filtration and washed with hot water. The filtrate and 
washings were concentrated in vacuo until crystallization began, when 
3 volumes of 50-percent aqueous methyl aleohol was added. (n 
standing, 3.4 g of crystalline ‘alcium arabonate separated. The air 
dried salt gave [a]?°=-+2.81 (water; c, 2.3) and contained 8.66 percent 
of calcium. Calcium arabonate, C aC 5H Og) 2.5H.O, gives [a]P= +2. 
[12] and has a calcium content of 8.69 percent. The larger part of th 
calcium arabonate was extracted from the calcium carbona te residut 
separated from the original reaction mixture. This material was 
extracted with boiling water and the water solution was evaporated 


* Throughout this article c designates the concentration of the optically active substance in gratis pét 
100 ml of solution. 
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and brought to crystallization. The first crystals weighed 3.63 g, 
cave [alp=+2.85 (water; c, 2.3), and contained 8.90 percent of 
calcium. ‘The second crop of crystals weighed 5.84 g, gave [a]7?=+-3.16 
water; c, 2.3), and contained 8.58 percent of calcium. The total 
quantity of calcium arabonate separated was 12.88 g. As final proof 
of the identification of this material, it was converted into crystalline 
l-arabonic acid, which was found to melt at 112° to 114° C in agree- 
ment with the recorded value [13]. 

Part of the insoluble calcium carbonate residue after extraction of 
the calcium arabonate was dissolved in sulfuric acid and titrated 
with potassium permanganate. The titration showed a total of 0.767 
¢ of calcium oxalate in the residue. This corresponds to 1 mole of 
oxalic acid for each 21.6 moles of arabinose oxidized. The identity 
of the salt was established by the isolation of crystalline oxalic acid 
from the residue. 


(c) OXIDATION OF LACTOSE IN NEUTRAL SOLUTION 


Forty-eight grams of anhydrous lactose and 12 g of calcium chlorite 
were dissolved and made up to 250 ml with water. This solution was 
mixed with 25 g of precipitated calcium carbonate in a glass-stoppered 
flask and allowed to stand at 20° C in the dark with occasional shaking. 
After 2 days the solution was yellow with chlorine dioxide gas. By the 
5th day the color of the solution had diminished considerably and 12 
g of calcium chlorite was added. Likewise, on the 7th day 12 ¢g of 
calcium chlorite was added. On the 10th day the chlorine dioxide 
was removed from the mixture at 20° C in vacuo and the solution was 
filtered. It was found that the reducing sugar had changed from 192 
to 70.20 mg/ml, and the pH from 7.5 to 5.4. The unreacted calcium 
chlorite in the total solution was about 0.5 g. The insoluble residue, 
which consisted of a mixture of calcium carbonate and calcium oxa- 
late, was extracted with hot water and dried. The calcium oxalate 
present, determined by permanganate titration in sulfuric acid so- 
lution, was 0.124 g. This corresponds to 1 mole of oxalic acid for each 
88 moles of lactose oxidized. The filtrate was treated with 50 ¢g of 
freshly hydrated lime. The resultant mixture was warmed to 50° C, 
and the insoluble basie salts were removed and washed with saturated 
limewater. The basic salts, suspended in water, were carbonated 
until neutral to phenolphtbalein. The mixture was heated to boiling 
and filtered, and 30 g of CaBr, 6H,0 (1.1 M equivalents) was added. 
The solution was concentrated in vacuo to a thick syrup, and crystal- 
lization was initiated by saturating the solution with alcohol and seed- 
ing with calcium lactobionate—calcium bromide crystals. After 24 
hours at 4° C the crystals were removed, washed with 50-percent 
aqueous alcohol, and dried at 50° C. Weight, 8.31 g; [a]??=+18.8 
(water;¢,7.3). Calcium lactobionate-calcium bromide (Ca(Cy2H2,012)2 
CaBro:-6H2O) gives [a]??= + 18.7 [14]. 
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STUDIES OF THE CHEMICAL DURABILITY OF GLASS 
BY AN INTERFEROMETER METHOD 


Nn 


By Donald Hubbard and Edgar H. Hamilton 


ABSTRACT 


An interferometer metho d for determining the chemical durability of glass has 
n tried on a series of typical glasses over a wide range of temperature and pH. 
results emphasize the importance of careful temperature control if com- 
ns are to be made erg ve the findings of different investigators. The 
tions between amount of attack and pli for some of the glasses show pro- 
ineed inflections near pH 7 in the presence of Britton universal buffer, while the 
aitack by distilled water for these same glasses is very slight in comparison. 
Moreover, the results strongly emphasize the fact that there can be no single 
test by which the durability of glass can be judged with respect to all conditions 
f service. 
The method has proved particularly useful in the interpretation of known volt- 
anomalies of the glass electrode. 


. Introduction - ‘ 
. Experimenta procedure. _ : an 
. Durability of glasses under various 3 condi tions__- 
1. Effect of duration of exposure at constant tempe rature 
2. Effect of temperature for constant periods of exposure. _- ss 
3. Durability at different pH values- 
4. Effect of increased ped ll ion concentration on chemical dur- 
ability - eee 
5: Comparison. with results obtained by another method. _-_ - 
6. Comparison of durability in the presence of sodium and potas- 
sium hydroxides - - : ae 
’, Summary eae ey eee rales 
V. References_- 


I. INTRODUCTION 


Of the many methods proposed for determining the relative ‘“‘chem- 
ical durability” of glasses none has met with universal approval and 
none is completely fair to all types of glasses [1].'_ The present paper 
reports the results of direct measurement, by means of an inter- 
ferometer, of the rates of attack of several types of glass by various 
reagents over a wide range of conditions of temperature, time, and 
pH. If durability is defined as the resistance of glass to attack by a 
D ecified reagent, the method herein described provides a simple way 
of ' determining it in those instances in which the attack is relatively 
rapid. 

Although the interferometer method [2, 3, 4, 5} as thus far used is 
not highly precise or aceur ate, it does yield results which appear to 
give a clearer picture of the durability of glasses over a much wider 
range of conditions than any of the met! hods previously proposed. 


res in brackets indicate the literature references at the end of this paper. 
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II. EXPERIMENTAL PROCEDURE 


The specimens of glass were rectangular, approximately 2 by 3 em 
with surfaces sufficie ntly flat to show interference bands when Placed 
under a slab of optically flat fused quartz. These specimens wer 
partially immersed approximately one-third of their length in the 
desired solution, the surface of which was covered throughout th 
period of the test with a thin layer of liquid petrolatum to prevent 
evaporation. All the durability tests were made in Pyrex beaker 
The desired temperature was maintained within +0.2° C by means o/ 
an electrically heated water bath. Uniform attacks upon the jn. 
mersed surfaces were obtained, except that, under certain conditions 
a more pronounced attack occurred just at the oil-solution interface 
than elsewhere. The resulting indentations are referred to in table 4 
as “surface cuts.’ At the end of the period of the treatment tl; 
specimens were removed and rinsed, first in dilute acid and then jy 
water to stop further attack. 

The magnitude of the attack, that is the thickness of glass dissolved 
away, or the thickness added by swelling, was determined by observing 
the displacement of the interference fringes when the specimen was 
placed under a fused quartz optical flat. The quartz flat in this case 
must have both surfaces polished “true plane’’ and adjusted to make 
an angle of 20’’ with each other, so that the light reflected from th 
upper surface will not be reflected back to the observer. The obser- 
vations were made with the conventional Pulfrich viewing apparatus, 
using an unfiltered helium lamp for illumination. The values wer 
recorded to a quarter of a fringe with a further gradation of + and —- 
to designate that the attack was slightly more or less than the recorded 
value. Greater precision might be obtained with a micrometer eye 
piece. For very small attacks, “detectable” and 1/10 fringe wer 
also used to express the degree of alteration of the surface. If the 
specimens are viewed with monochromatic light, there is no indication 
as to the whole number of fringes which should be counted to measur 
the degree to which the surface has been altered. However, with the 
filter removed, the color pattern for the fringes in the unattacked 
portion of the specimen persists in the attacked area, making the total 
amount of shift readily apparent. Furthermore, without the filter 
it is easy to determine whether the specimen has swollen or has been 
dissolved away during the exposure to the solution, by observing thi 
direction of shift of the interference bands. Each band displacement 
is approximately equivalent to an attack of 0.29 micron. Although in 
these experiments the determinations were made with the Pulfrich 
viewing apparatus, equally satisfactory results can be obtained with 
a simple 25-watt incandescent light mounted in any convenient 
housing for shielding the eyes from the direct glare. With this 
illumination and with the aid of a hand magnifying glass for viewing 
the bands, the observations can be made as conveniently as, or per- 
haps more conveniently than, with the more expensive Pulfrich 
apparatus. 
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Chemical Durability of Glass 


III. DURABILITY OF GLASSES UNDER VARIOUS 
CONDITIONS 


1. EFFECT OF DURATION OF EXPOSURE AT CONSTANT 
TEMPERATURE 


In table 1 are listed the attacks in interference bands for five 
commercial glasses and three optical glasses resulting from treatment 
with 5-pereent NaOH (sodium hydroxide) at 80° C for various time 
ntervals ranging from 15 minutes to 6 hours. These data, as plotted 
in figure 1, indicate that the reduction in thickness of each glass was 
directly proportional to the duration of treatment. The rates of 
attack for the different glasses, listed as a in column 2 of table 3, could 
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FigurE 1.—-Altack-time plot for eight types of glasses exposed to 5-percent NaOH 
at 80° C. 


be used to represent the relative order of durability of these glasses 
with respect to this solution at the specified temperature. However, 
since the chemical durability of the glasses decreases with increasing 
slopes, it is perhaps desirable to take the reciprocals of these values 
in order that the glasses with the better chemical durabilities may be 
represented by the larger numerical values. The chemical durability 
of glass under these conditions could thus be defined as the time 
required for one unit (fringe) change of thickness, or 
‘ ael 7 wnoaAd 
Chemical durability =1/a, where PI ine = fringes. 
time in hours 


Values of 1/a are given in column 3 of table 3. 
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TABLE 1.—Attack in terms of interference bands by 5-percent NaOH at 80° € 5 
¢ ight types of glass 


Chemical 


Pyrex 


B.8.C.!} 


Fringes Fringes | Fringe 
4 y, 
1 
94 
34 
44. 


medium fiint, borosilicate crown, and light bariuy 


1 for 3 hours at varior 


Fringes Fringes 
D 


Mo+ 


crown, and light ! 


crowL, res 
2p,d 


8 Poor cut, 


r J z } ' ] 

a and b from the data in table 1 and tabl 
xT r, T 7 ° 

rent INE OH soiution 


) Attack/hours=bx (‘ 


8/fringe Fringes/hou 
0. 37 70 0. 0014 
Window a7 2.70 . 0014 
Am. Cer. Soc. Bottle No. : ‘ 2.13 . 0018 
Corning 015----- . 09 . 69 . 0023 
DM, #2... ‘ . 20 . 0033 
. 0: . 0037 
0. OE . 0040 
9 . 0043 


1 Inspection of the constant b shows it to be the attack in fringes (extrapolated to 0° C) for 1 hour’s exposure 
to 5-percent NaOH solution. Hence an intercomparison of the constants a and 6 can be had by the simple 
relation a= bX (2)*/10, 

2M. F.; B.S. C.; and L. B. C. are optical glasses: medium flint, borosilicate crown, and light bariun 
crown, respectively. 


2. EFFECT CF TEMPERATURE FOR CONSTANT PERIODS OF 
EXPOSURE 


The attack of glass by aqueous solutions as ordinarily observed 
has to do with a rate of reaction; hence the term “solubility”, which 
means strictly the quantity of a substance which will dissolve in 4 


given quantity of a solvent at a specified temperature, when equl- 
librium is attained, should not be used in this connection. Further- 
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more, the reaction whose rate as observed is not necessarily a process 
of solution only, but it may involve solution of some constituent, 
followed by mechanical removal of individual products of decomposi- 
ion from the affected area. It cannot be too strongly emphasized 
‘hat this type of reaction is highly sensitive to slight differences in 
sperimen tal conditions, such as pH and temperature [{1, 4]. Figure 
%, lott ted from the data in table 2, shows graphically the effect of 
increasing temp erat re upon the amount of glass removed by chemical 
attack durin g¢ a 3-hour interval in which the same olasses as those 


reported in figure 1 were exposed to 5-percent NaOH. Within 
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effects on pale of atiack for eight types of glasses in 6- 
percent Ne OH for 3 hours. 


reasonable limits the attack follows the usual — that the 
rate of reaction doubles for each 10° C rise in temperature, which 
relation may be expressed in the equation 


Attack/hours=6 X (2), (1) 


where 6 is a constant and ft is temperature in degrees centigrade. 
This relation must not be considered rigorously accurate, but it does 
emphi isize the importance of very careful temperature control. 
Values of 6 which are listed in column 4 of table 3 could be used as an 
index of relative durability for these glasses in 5-percent NaOH. 
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A classical relation is that proposed by Arrhenius [6] and given jy 
the following equation: 


dink FE 
dT RT” 


in which & is the reaction rate or, in this case, attack on the glax 
in fringes per unit of time, F is a constant, # is the gas constant, ani 
T is the absolute temperature. Integrating eq 2, we have’ 


E B 
ee eee, Od 
2 303RT j ; 


log p— 


where B= (E/2.303R) and Cis a constant. Geffcken and Berger [j 
found this relation to apply to the attack of Na,CO; solutions on ¢ 
borosilicate crown glass. Miiller and Weinstein [7] found that it 
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FicurE 3.—Log attack, k, versus reciprocal absolute temperature, 1/1’. 


Cases in which values coincide for different glasses are indicated by heavy walled circles. Temperatur 
in °C inserted for convenience. 
. Plate glass. 
2. Sheet glass. 
3. American Ceramic Society bottle No. 1. 
. Corning 015 glass. 
. Medium flint glass. 
3. Pyrex. 
. Borosilicate crown. 
8. Light barium crown. 


applies to the attack of water on borosilicate glasses when the amount 
of B,O, in the glass is greater than 0.1 percent. Hamilton and Hub- 
bard [8] found that it is also applicable to the attack of water on 4 
number of bottle glasses. 

In figure 3 the attack by 5-percent NaOH solution in 3 hours on the 
eight different glasses of table 1 are plotted on a log scale against the 
reciprocal of the absolute temperature. For each glass these points 





Hubbard | Chemical Durability of Glass 149 


lot as a straight line within the limit of error in determining the 


D1 
pi 


amount of attack. The equations for these lines are 


Plate glass log k= Ms 10.23 
; yf 
3600 
i ii 
3960 
Y i 


4280 


Window glass + 10.26 


Am. Ceram. Soc. Bottle No. 1 +41. 


Corning 015 (glass electrode) glass 12. 


: . : 3870 , 
Medium flint (optical) glass _ 3d +11,% 


f by 


20, 
Pyrex = — i. 


T 


3700 , - 
Pp +10.97 


3320 | 
o—-+ 9.90 
1 


Borosilicate crown (optical) glass 


Light barium crown (optical) glass 


In figure 3 some of the lines cross and, with the possible exception 
of two lines, the slopes of the individual lines are different. These 
conditions suggest that it may not be safe to use observations made 
at high temperatures as criteria of chemical durability at room tem- 
perature. The order of relative chemical durability of a series of 
glasses at elevated temperatures may not be the same as at room 
temperature. Taylor and Smith [9] in their investigation of the chem- 
ical durability of various glasses by the powder method found such 
reversals. On this basis it would] seem advisable when water or 
alkaline solutions are used as the attacking media to make tests at 
two or more temperatures and then extrapolate the results to room 
temperatures by the use of graphs such as those in figure 3. 


3. DURABILITY AT DIFFERENT pH VALUES 


Of special interest is the variation in the chemical durability of glass 
over a wide pH range, from acid to highly alkaline solutions. To 
obtain information on this property, the eight glasses previously 
described were exposed for 6 hours at 80° C to Britton universal 
buffer solutions [10] having a pH range from 1.8 to 12. This range 
was extended to pH 0.65 with a sodium acetate-hydrochloric acid 
buffer. The results show an interesting variety in the durability of 
these glasses (table 4). Three of them show no detectable attack 
alter 6 hours at 80° C up to pH 7, beyond which there is a detectable 
attack at pH 8 and 9, while with further increase in alkalinity the 
attack increases rapidly. These three glasses are, respectively, 
American Ceramic Society bottle glass No. 1 [11], a window glass, 
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and Pyrex. 


The results for these three g 
figure 4, are typical of many of the commercial silicate glasses. 
is the least resistant of the three at 11 and 12 [12, 
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difference becomes more pronounced in the 


cent NaOH (figs. 1 


FIGURE 4.- 


tectable attack in 


Beyond pH 8 the glasses are 


TABLE 4.- 


Plate | Window 


Fringes | Fringes 

ND} ND 
ND 
ND 
ND 
ND 
ND 
ND 


“Ione em Oe 


ND....- 
ND.__.. 
ND 

2 for pH 


5.9 


iio— 


) 
D 


$ a . Yo 
a oo 4— 
| 134—~ 1144-— 
a ease. F 

1 ND, not detectable. 

1D, detectable. 

2M. 7. 
crown, respectively. 


The plate glass i 
with 
rate 


(fig. 5). 
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Atiack-pH curve 6 hours at 80°C for three glasses which gave no de- 
the acid range from pH 0.66 to 7. 


1 by Bottle (X), Window (+), Pyrex (O). 


Attack values obtained on eight types of glasses exposed for 6 hours at 
80° C to Britton universal buffer covering pH range from 1.8 to 11.9 


3 | Chemics 11 B.s.c 
| Pyrex 
Fringes 
ND 
ND 
ND 
ND 
ND 
ND 
ND 


Fringes 


Fringes 
4— 


D 
D+ 
4— 


14%— 


flint, borosilicate crown, and light barium 


is detectably attacked in the vicinity of neutrality 


a noticeable improvement in durability at pH 9, after which the 
of attack increases rapidly with further 


increase in alkalinity 


This durability w eakness near neutrality is of interest since 
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. same thing is shown to a most pronounced degree by the three 

ical glasses “tested (fig. 5). 

7 should be pointed | out also that the chemical durability of a 
Jass to any one reagent cannot be taken as a reliable indicator of its 
durability to another. For example, the attack on these three optical 
classes by the universal buffer in the vicinity of neutrality is very 
large compared with the attack by distilled water. The latter even 
after 24 hours at 80° C shows an attack of less than Vo fringe. 

yor ther commercial glass, Corning 015 [13], which has been used 
so successfully for glass electrodes, exhibits a slight uniform swelling 
between pH 2 and 7, followed by the pronounced attack character- 





a. iL 
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eee, _ - 
~sE end ke Sd O_o” i Ee eee 
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pH 
FicuRE 5.—Alttack-pH curves for a plate glass (O) and three optical glasses, boro- 


silicate crown (+), medium flint (X), and light bariuwin crown (¢), showing 
marked attacks in the region of neutrality after 6 hours’ exposure at 80° C. 








o 


istic of silicate glasses at alkalinitics above pH 9 (table 4, fig. 6), while 
in the ‘‘super acid’? region the swelling is repressed with increasing 
acid concentration [4] (see fig. 7). The durability characteristics of 
this glass are particularly interesting, (a) because of the correspondence 
which the regions of durability change bear to regions of established 
voltage departures of the glass elec trode [13, 4], (b) because this glass 
is unique among the types investigated, and (c ) because of the impli- 
cations from the pronounced swelling in the acid region. ‘This swelling 
is probably caused by a preferential solution of certain constituents of 
the glass, with the resulting glass surface becoming increasingly rich 
in silica content. 

Jones and Homer [16] have found this enrichment in silica content 
of the surface of optical glasses in the acid region and have found that 
the resulting surface layer, when of the proper thickness, reduces the 
relection of light from this surface, there ie increasing the light trans- 
mission of an optical element. The durability curves for the boro- 

200723—41——-4 
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silicate and light barium crown glasses (fig. 5) show that a minimyy 
loss of thickness occurs near pH 3. From this and other considerations 
one would expect this region to be an optimum for producing silic. 
rich surfaces. 
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Figure 6.—Attack-pH curve for Corning 015 glass, exposed 6 hours at 80° 
Britton universal buffer mixtures covering the range pH 2 to 12. 


Region of swelling is plotted as negative attack. Reproduced from figure 1, RP1187. 
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l'iGURE 7.—Repression of swelling of Corning 015 glass by increasing concentration 
of HCl (OC), HaSO, (e), and H3;PO, (+), for 48 hours at 80° C. 


Reproduced from figure 4, R P1187. 
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For the Corning 015 glass, attack by distilled water and by the 
yniversal buffer near neutrality both cause a small but appreciable 
swelling. This qualitative agreement of the effect of these two reagents 
on 015 glass is in extreme contrast to their respective action on the 
optical classes. 


4 EFFECT OF INCREASED SODIUM-ION CONCENTRATION ON 
CHEMICAL DURABILITY 


The voltage departure of the glass electrode in the alkaline region 
is increased at any fixed pH and temperature by increasing the 
sodium-ion concentration [13]. In the light of previous experiments 
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iURE e Altack observed after 3 hours’ exposure to d-percent NaOH solution, 
A; and 5-percent NaOH plus an equivalent amount of NaCl, B. 


nade on voltage departures and durability of the electrode glass [4], 
t was logical to conclude that additional attack occurs in the presence 
of increased sodium-ion concentration. To test the validity of this 
conclusion, samples of an electrode glass were subjected to the action 
of 5-percent NaOH held at various temperatures for 3 hours; other 
ns of the same glass were similarly treated with 5-percent 
NaOH to which an equivalent quantity of NaCl had been added. 
The results of these two series are given in table 5 and plotted as 
curves A and B, respectively, in figure 8. The additional attack 
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caused by the increased sodium-ion concentration is in qualitatiy 
accord with that expected from the voltage departures of the glas 
] tp 

electrode. 


TaBLE 5.—Atiacks obtained on a commercial age from which successful electrod, 
were made, after 3 hours’ exposure to 5-percent NaOH, and 5-percent Nat OH p 
an equivale nt amount of NaCl 


5-percent 
5-percent NaOH plus | 
NaOH equivalent 
NaCl 


Fringes Fringes 
D1 Dp! 


Yio+ 
1 


4+ 
4- 
1K— 
3— 


1 D, detectable 
5. COMPARISON WITH RESULTS OBTAINED BY ANOTHER METHOop 


Durability tests of a number of chemical-ware glasses have bee 
made by Wichers, Finn, and Clabaugh [15]. Their method involve 
determination of the loss in w eight of 250-ml E rlenmeyer flasks whos: 
inner surfaces had been subjected to the boiling reagent for a giver 
time. In order to determine whether or not their results agree with 
those obtained by the interferometer method, comparative tests 
were made on four commercial glasses used in ‘the manufacture of 
chemical ware, which were exposed to 0.05N and 0.5N NaOH for 3 
and 6 hours at 80° C. Wichers, Finn, and Clabaugh tested three oj 
these glasses with the same solutions. The data obtained by the 
interferometer method are recorded in table 6 and plotted in figure 9 
The order of decreasing durability found for 0.5N NaOH agrees with 
that determined by Wichers, Finn, and Clabaugh and was as follows 
Kimble N-5l-a, Tamworth (mew Glasbake), Pyrex and Tamworth 
(old).2. However, the interferometer method was not. sufficiently 
sensitive to detect attack on any of the four glasses exposed 24 hours 
at 80° C to N H,SOQ,, 5-percent NaCl solution, or distilled water 

(table 6), while Wichers, Finn, and Clabaugh were able to detect very 
small dur: ability differences for these different makes of glassware to 
these solutions. The greater sensitivity of their method can be 
attributed largely to two factors: (1) the large surface which they used 
and (2) the elevated temperature. With a temperature of slightly 
over 100° C, their attack per unit area should be approximately four 
times that for the 80° C used in the interferometer method. 

Prolonged exposures of these four glasses and one bottle glass to 
N H,SQ,, 5- percent NaCl, and distilled water at 80° C gave the 
results listed in table 6. Av ery interesting feature of the acid attack 
for 7 days at 80° C is that the s sample 2s of Pyrex and Tamworth tested 
showed less resistance to N H.s SO, than did the American Ceramic 
Society Bottle Glass No. 1 [11]. Such results should be given furtli 
attention. They indicate that the borosilicate laboratory glasswar ares 


2 The terms “‘old” and “‘new”’ are used to distinguish between a Tamworth glass previously marketed aud 
the product whose analysis is given in the publication by Wichers, Finn, and Clabaugh [15]. 
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possibly do not possess the superior acid resistance that has been 
accredited to them in the past. The only alternate interpretation of 
the results is the possibility that the bottle glass may have yielded 
data which were more favorable th: an its actual chemical resistance. 
This could conceivably have occurred through a simultaneous solution 
and swelling at rates which just counterbalanced each other, but the 
probs ability of such a coincidence seems slight. 
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6. COMPARISON OF DURABILITY IN THE PRESENCE OF SOoDIvy 
AND POTASSIUM HYDROXIDES 


An oral report that burettes were more strongly attacked by aqueoy 
KOH than by NaOH led to a preliminary investigation of the durabj. 
ity of these same four chemical-ware glasses to 0.1 N and 1.0 N sol. 
tions of these hydroxides. The solutions were prepared from fresh); 
opened bottles of NaOH and KOH and standardized against potassiy; 
acid phthalate without attempting to remove CO,. The results ob. 
tained are recorded in table 7, and in every case show appreciably mo; 
attack by sodium hydroxide than by potassium hydroxide of equ; 
normality. These results are in accord with the generally recognize; 
behavior of these hydroxides [1, p. 132], and are also in agreement yi! 
predictions [4 p. 342] based on voltage departures of the glass electrod, 
caused by equal concentrations of Nat and K* ions [14]. For cop. 
venience in visualizing the difference in magnitude between the attack 
by NaOH and KOH, the data for the more resistant of these glasses 
Kimble N—51-—A are plotted in figure 10. 
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FIGURE 10.—Comparison of attacks on Kimble N-51-A by NaOH (QC) and KOH 
(+) of equal concentrations. 


These differences are characteristic of all the four chemical-ware glasses tested. 





TABLE 7.—Comparison of the durability of four chemical-ware glasses to sodium ani 
potassium hydroxides at 80° C 
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IV. SUMMARY 


= interferometer method for determining the chemical durability 
class has been applied over an extended range of conditions to a 
wide variety of glasses. The results obtained show that it is capable 
oiving useful data under conditions in which the more conventional 


ot 


me ihods are not applicable. 
The authors are indebted to A. N. Finn for his helpful suggestions 
juring the progress of this investigation. 
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EFFECT OF GRAIN SIZE AND HEAT TREATMENT UPON 
IMPACT-TOUGHNESS AT LOW TEMPERATURES OF 
MEDIUM CARBON FORGING STEEL 


By Samuel J. Rosenberg and Daniel H. Gagon 


ABSTRACT 

\ study was made of the effect of grain size and heat treatment upon the 
pact-toughness of SAE 1050 steel, as judged by the temperature range wherein 
|-brittleness occurred. There was no relation between grain size and impact- 
ss in the hot-rolled steels. Normelizing improved this property, and in 
s condition the fine-grained steels proved superior to the coarse-grained steels. 
e toughness of the steels, either as hot-rolled or as normalized, was relatively 
, but was markedly increased by hardening and tempering. Normalizing prior 
heat treatment had no effect upon the impact properties. When heat-treated, 
‘e was no relation between grain size and impact-toughness. Each individual 
f steel appeared to have an inherent resistance to impact, dependent upon 
tors not at present recognized. Impact-toughness at room temperature was 

criterion of impact-toughness at lower temperatures. 
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I. INTRODUCTION 


purpose of this study was to determine the influence of grain 
size and heat treatment upon the impact properties at low tempera- 
tures of medium-carbon forging steels and to determine the tempera- 
we range in which brittleness of the steel occurs. This range is 
racterized by a marked decrease in the observed impact values 
ccompanied by a change in the appearance of fracture from a fibrous 
toa granular one. The study was made in cooperation with the 
Bureau of Aeronautics, Navy Department. 
| The technical literature contains numerous references on the impact- 
toughness of steel. Most data presented appear to substantiate the 
Fconclusion that fine-grained steel is superior in toughness to coarse- 
grained steel [1 to 6],! although a contrary opinion has been 
xpressed [7]. 


Ii. MATERIALS AND METHODS OF TEST 


Six heats of SAE 1050 steel, furnished by the Bethlehem Steel 
Corporation in the form of hot-relled 1-in. diameter rods, were used 
in Uns study. The chemical compositions of these steels, as deter- 


Soe 


ires in brackets refer to the literature references at the end of this paper. 
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mined at this Bureau, are given in table 1. The microstructures an; 
grain sizes of the steels in the as-received condition are shown jy 
figure 1. 
Steels A, B, and C were submitted by the manufacturer as haying 

a coarse McQuaid- -Ehn grain size and steels D, E, and F a fine erain 
size. However, tests made by carburizing at 1,700° F for 18 hours 
(the usual procedure for McQuaid-Ehn tests) showed that steel ( 
was a medium fine-grained steel. The grain sizes developed in thy 
McQuaid-} thn tests are shown in figure 2 “and table 2. 

Zach steel was tested in eight conditions of heat treatment, and thy 
hardness for each was determined (table 3). 


TABLE 1.- — Chemical ennennis of the steels ! 


C onstituent 


| Pm ‘005 
. 004 
. 006 
. 006 . 004 
. 004 . 005 
.005 | ND? 


if 
it 
{ 
f 
{ 003 | . 003 
{ 
{ 


0.49 | 0.79 0. 023 

019 

021 O31 | 

- 022 028 003 | 004 
. 005 . 006 
. 003 . 005 


. 002 . 003 
003 | ..004 | 





. 021 | . 028 
| 
1 Chemical analyses were made by W. H. Jukkola, gas analyses by V. C. F. Holm, both of the Nation 
Bureau of Standards. 
2 ND=not detected. 


| 
040.039 | 
| 


| 








TABLE 2.4 Auste nitic grain size of the steels 








At 1,475° F At 1,600 F As hot-rolled | Phe carburi 


Grains TN Grains | Grains “7 | Grains 
‘rains | agTM iT ains ASTM Gr uins ASTM | trains 
per sq 4 per sq per sq : | pe r st 

ina to in. at grain i a grain 

vies size No. 8 size } x100 size No. | 


50 | 

50 | | 9 | 
110 | 95 | 
150 | 3 140 | 
150 | 130 | 
130 | 110 


TABLE 3.— Heat treatment and hardness of the steels 


| Rockwell Hardness number for steels— 
Heat treatment ® | 











A B | Cc 
As received (hot- rolled) -_- B95, B 91 B 97 | 
As received, water- -quenched from J 475° F, ‘ter npered | 
at 1,000° F > 32) C é > 33 
As received, water-quenched from 1,475° F, : tempered 
at 1,150° F ates > 2 21 | 24 
As received, water-quenc hed from E (475° F, tempered | | 
at 1,300° F 
As normalized (air-cooled from 1,600° F)- 
eee my water-quenched from 1,475° F, tempered 
at 1,000° 
Normalize d water- -quenched from i, 475° F, tempered 
at 1,150° 
Normalized, water- ‘quenched f from 1 475° Fr, tempered | 
at 1,300° : : ‘ 13 


® All steels were held for 1 hour at normalizing and tempering temperatures and }4 hour at hardenin 
temperatures. Bars were shaped to 4-in. square and cut to lengths of about 15 in. prior to heat treatment 
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FIGURE 1. Microstructures of the steels as hot-rolled, 


ercent nital. 100. The letters on the micrographs correspond with the 
for the individu : 





Journal of Research of the National Bureau of Standards Researc hI 


wey ej 


FIGURE 2.—Grain size of the steels as developed by the McQuaid-Ehn test. 


Etched with boiling sodium picrate. 100. The letters on the micrographs correspond with 1 
nations used for the individual steels 
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FiGURE 3.—Appearance of typical Charpy impact fractures. 2. 
racture obtained by testing specimen at a temperature above the cold-brittle range, Fracture 
was accompanied by considerable deformation and the energy absorbed was high. 

partly granular fracture obtained by testing specimen at a temperature within the cold 

brittle range. 

us, partly granular fracture obtained by testing specimen at a temperature within the cold- 

brittle range. 

racture obtained by testing specimen at a temperature below the cold-brittle range, Frace 

re was accompanied by but little deformation, and the energy absorbed was low, 


rol 
us, 
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The austenitic grain sizes (table 2) were determined on bars 3 in. 

nz, after heating at 1,475° F and 1,600° F and quenching one end 
Finto water. To eliminate variables in grain size, the procedure 
rate of heating, time at temperature, etc.) was approximately the 
-ame as that employed during the heat treatment of the steels. 

The specimens used for impact tests were 10 mm square by 55 mm 
jong with a 45° V-notch 2 mm deep having a root radius of 0.25 mm. 
SSince the shape of the notch can influence the impact properties of 
, specimen, particular care was exercised in grinding the cutter used 
jor this work. All impact tests were made in quadruplicate at test 
temperatures of +100° C, room temperature, 0°, —20°, —40°, and 
—78° C in a Charpy machine having a capacity of 224 foot pounds. 
F The constants of this machine and details of test procedure have 
F heen given in a previous paper [8]. 


III. RESULTS OF THE TESTS AND GENERAL 
DISCUSSION 


Before proceeding to a discussion of the results of the tests, it is 
advisable to consider the meaning of the results of impact tests, 
particularly as modified by test temperatures. 

It should be pointed out that any impact test is only qualitative, 
despite the fact that results are given numerical values indicative 
of the energy absorbed during the deformation and fracture of test 
rspecimens. The primary objective of impact tests of steels is to 
ascertain the relative tendency of different steels to fail in a brittle 
fashion, and this cannot be accomplished by making a few impact 
tests under one set of conditions. Slight changes in the size and shape 
of the test specimen, in the depth or sharpness of the notch, in total 
energy or velocity of the hammer, or in temperature, may cause 
disproportionate changes in the results of impact tests. At least one 
of these factors must be varied in order to obtain a true picture of 
the impact-deformation characteristics of any steel. The effects 
of these various factors and the interpretation of the results of impact 

tests are discussed by McAdam and Clyne [9] and by Hoyt [10]. 

The location of the temperature range wherein impact values are 
markedly decreased and the type of fracture changes from fibrous to 
‘cranular (the cold-brittle range) is not a definite temperature range 
lor any special steel. It may be moved to higher or lower tempera- 
tures merely by changing any one of numerous test variables. The 
lative tendency of a steel toward cold brittleness may, however, be 
stablished by studying the effect of test temperature upon the results 
vi Impact tests made under a certain set of test conditions. The 
\emperature range in which cold brittleness occurs is an indication of 
‘ue Impact-toughness of the steel being tested. Under comparable 
conditions of test, the lower the temperature at which this transition 
occurs, the more dependable is that steel for engineering service. 
‘ls statement is true despite the fact that a steel may absorb greater 
‘hergy in impact at a temperature above and at one below the cold- 
brittle range than does another steel. 

lhe appearance of the impact fractures obtained over a range of 
‘est temperatures, with all other factors constant, is an excellent 
tude to the impact-toughness of the steel under study. Typical 
fractures, shown in figure 3, are of three types. That shown in figure 
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3 (A), the fibrous or tough type, is accompanied by appreciable defy. 
mation and high energy absorption, and occurs at temperatures abo, 
:e cold-brittle 1 range. That shown in figure 3 (D) is of the gran), 
r brittle type, is accompanied by little or no deformation and nm . 
energy absorption, and occurs below the cold-brittle range. Thos 
shown in figure 3 (B and C) are typical of breaks which occur wii 
the cold-brittle range. The relative areas of fibrous and granular 
appearance may vary widely, with concomitant variations jp }| 
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Fiaure 4.—Effect of test temperature upon the impact-toughness of the steels as } 
rolled and as normalized. 
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FicurE 5.—Effect of test temperature upon the impact-toughness of the ste 
hardened and tempered at 1,000° F. 


impact-energy absorbed. The theory underlying the discontinuity 
of the transition from fibrous to granular fracture has been discus 
by McAdam and Clyne [9]. 
The values obtained in saa tests at various temperatures 4 

—— in several ways to show a comparison: 

Between stee ‘ in the as-received condition and after normalizi 
at i ,600° F (fig. 4 

Of the hect of tempering at 1,000°, 1,150°, and 1,306 be 
diate quenched from 1,475° F in both as-received and normaliz 
conditions (figs. 5 to 7). 
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» Of the effect of the various heat treatments on each steel indi- 
iallv (figs. 8 to 13). 

v2 c . " " . “pn “~¢ 5 + 
igure 4 shows that there was no significant difference between the 
pact resistance of the as-received and normalized steels at room 
perature or below. The impact resistance was low, the fractures 





NORMALIZED AT 1600°F, WATER QUENCHED 
FROM 1475°F, TEMPERED AT 1150°F 





temperature upon the impact-toughness of the steels as 
hardened and tempered at 1,150° F. 
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of test temperature upon the impact-toughness of the steels as 
hardened and tempered at 1,300° F. 
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were granular, and the cold-brittle range, as determined under th, 
specific conditions of test, occurred above room temperature. 


STEE 


NORMALIZED AT 1600'F 


—— AS RECEIVED OR AS NORMALIZED 

—— HARDENED AND TEMPERED AT 1000°F 
o . . + }15SO0°F 
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0 
* 1300” 
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Comparison of the effect of different heat treatments upon the impac- 


Figure 8. 
toughness of steel A at different temperatures. 
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Figure 9.—Comparison of the effect of different heat treatments upon the impac- 
toughness of steel B at different temperatures. 
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KiguRE 10.—Comparison of the effect of the different heat treatments upon the 
impact-toughness of steel C at different temperatures. 





TEST TEMPERATURE —* 


Figure 11.—Comparison of the effect of different heat treatments upon the impact- 
toughness of steel D at different temperatures. 
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In the as-received condition all of the steels exhibited granular. 
mostly granular fractures, at +100° C. In this condition, therefor. 
the cold-brittle range of all the steels occurred above +100° C. 
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FIGURE 12.—Comparison of the effect of different heat treatments upon the impac- 
toughness of stcel E at different temperatures. 











FigurE 13.—Comparison of the effect of different heat treatments upon the impact 
toughness of steel F at different temperatures. 
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In the normalized condition, steels D, E, and F, at +100° C, had 
' {brous fractures, high impact values, and the cold-brittle range, there- 
fore, occurred between room temperature and +100°C. These steels 
had fine McQuaid-Ehn grain sizes (No. 8), as well as fine grain sizes at 
‘he normalizing temperature (also No. 8). Steel C, as normalized, had 
somewhat lower impact resistance at +100° C, the fractures were 
partly fibrous and partly granular, and the cold-brittle range occurred 
in the neighborhood of +100° C. This steel had a medium-fine 
McQuaid-Ehn grain size (No. 6), and at the normalizing temperature 
Fits grain size was No. 7. Steels A and B, both of which had coarse 
MeQuaid-Ehn grain sizes (No. 3), exhibited granular fractures at 
+100° C, and the cold-brittle range, therefore, must be located at 
some temperature above +100° C. At the normalizing temperature, 
' steels A and B had grain sizes of No. 5 and No. 4, respectively. 

It is apparent that (1) normalizing caused an improvement in the 
| impact-toughness of fine-grained SAE 1050 steel as compared with 
the same steel as hot-rolled, and (2) the impact-toughness of the 
normalized steels was related to both the McQuaid-Ehn and the 
austenitic grain size—the finer the grain size the greater the toughness. 
No relation between grain size and impact-toughness was apparent in 
the hot-rolled steels under the specific conditions of test. This type 
of steel (SAE 1050) does not, however, have appreciable impact- 
toughness in elther the as-rolled or as-normalized conditions. This 
deficiency can be remedied by suitable heat treatment. 

The effect of quenching from the proper temperature and tempering 
at relatively high temperatures was to lower markedly the temperature 
range within which cold-brittleness occurred (figs. 5,6, and 7). None 
of the steels was cold-brittle at room temperature. In a few instances, 
cold-brittleness was manifested between room temperature and 0° C; 
but usually it did not occur above 0° C, and in many cases was observed 
only at temperatures lower than —40° C. 

From figures 5, 6, and 7, it is obvious that the cold-brittle range of 
steel D, in all conditions of heat treatment, occurred at lower tem- 
peratures than in any of the other steels. This steel may therefore 
be considered to have the best impact-toughness, even though other 
steels sometimes had higher impact values at temperatures above 
the cold-brittle range. Steel D had a fine McQuaid-Ehn grain size 
and a fine austenitic grain size at the heat-treating temperature 
(1,475° F.). Steel H, however, with the same grain size as steel D, 
consistently exhibited the minimum impact-toughness, as measured 
by the location of the cold-brittle range, in all conditions of heat 
treatment. 

Steel B, which generally showed the second-best impact-toughness, 
had a coarse McQuaid-Ehn grain size and a fine austenitic grain size 
on the low side of No. 7) at the hardening temperature. Steel A, 
with the same grain sizes as steel B, however, had decidedly lower 
impact-toughness than steel B in the various conditions of heat 
treatment. 

From the foregoing discussion it may be concluded that when heat- 
treated (1) there was no significant relation between grain size and 
impact toughness in SAE 1050 steel, and (2) each heat of SAE 1050 
steel had its own characteristic resistance to impact. Another point 


™ ‘0 be emphasized is that high impact-toughness at room temperature 


200723—41——_5 
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was no assurance of superior impact-toughness at lower temperatures 
This is particularly well illustrated by the curves in figure 5, whic 
show that steel F had higher numerical values for impact resistane, 
when tested at room temperature than any of the other steels. Whe, 
the impact-temperature curve is examined, however, it may be see) 
that cold-brittleness was manifested at higher temperatures in ste¢] F 
than in steels B and D. 

The curves in figures 8 to 13 illustrate the effect of heat treatment 
upon the impact-toughness of the individual steels at the various tes; 
temperatures. Normalizing prior to heat treatment had no beneficjg) 
effect upon the impact-toughness of any of the steels. At room tem. 
perature, maximum resistance to impact was obtained with specimens 
tempered at 1,300° F and minimum resistance with specimens tempered 
at 1,000° F. This condition did not always exist at lower test ten. 
peratures. The tempering temperature for maximum impact tough. 
ness, as judged by the impact-temperature curves, varied in th 
different steels. In general, the tempering temperature of 1,150° F 
seemed to impart maximum impact-toughness. 


IV. SUMMARY AND CONCLUSIONS 


A study was made of the effect of McQuaid-Ehn and austenitic 
grain sizes at heat-treating temperatures and of different heat treat- 
ments upon the low-temperature impact-toughness of six heats of 
SAE 1050 steel. Charpy impact tests, of standard Charpy V-notch 
specimens, were made at temperatures ranging from +100° C to 
—78°C. Under the specific conditions of test described, the following 
conclusions appear justified: 

1. SAE 1050 steel, either as hot-rolled or as normalized, has low 
impact-toughness. In the hot-rolled condition this type of steel is 
cold-brittle at room temperature and the transition range to cold- 
brittleness occurs at temperatures above +100° C. Normalizing the 
hot-rolled steel improves the impact-toughness at room temperature 
and above, and the range of temperature at which cold-brittleness 
occurs is lowered, in some cases, to below +100° C. 

2. Differences in grain size in the normalized steels appear to exert 
an influence on the impact toughness; the finer the McQuaid-Ehn or 
the normalized grain size, the lower is the temperature at which cold- 
brittleness is manifested. This trend was not observed, however, 
with the hot-rolled steels. 

3. Impact-toughness is markedly improved by hardening and 
tempering, but normalizing prior to heat treatment has no effect upon 
this property. 

4. Impact-toughness at room temperature is no criterion of impact- 
toughness at lower temperatures. 

5. Fine grain size, either McQuaid-Ehn or austenitic, is no assul- 
ance of impact-toughness superior to that of coarser-grained steel 
similarly heat-treated (quenched and tempered), particularly 1s 
regards the occurrence of cold-brittleness. 

6. SAE 1050 steel, in various conditions of heat treatment, does not 
have a characteristic resistance to impact in the same sense, for I1- 
stance, as it has a characteristic tensile strength. Each individual 
heat, when heat-treated, apparently has an inherent resistance to 
impact between certain limits, and this is dependent upon factors not 
at present recognized. 
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RELATIONSHIP OF THE GARNET-HYDROGARNET SERIES 
TO THE SULFATE RESISTANCE OF PORTLAND CEMENTS 


By E. P. Flint and Lansing S. Wells 


ABSTRACT 


Isometric 3CaO.Al,03.6H2O, a constituent of set portland cement, is readily 
converted by sodium sulfate solutions to 3Ca0.Al,0;.3CaSO,.31.5H,0. Partial 
| replacement of the Al,O; in 83CaO.Al,03.6H,O by FeO; or of the H,0 by SiO, gives 
“hydrogarnets”’ which are stable in the presence of sulfate solutions. Such sub- 
stitutions may be brought about by inducing reactions between tricalcium 
aluminate hydrate and silica from various sources in the set cement or from added 
nuzzolanie materials, and by increasing the content of glass and tetracalcium 
qluminoferrite in the cement. 

Products having an X-ray structure nearly identical with that of grossularite 
varnet result when properly proportioned mixtures, made up of the puzzolanic 
material, dehydrated kaolin, with tricalcium silicate, or with lime and beta 
dicalcium silicate, are steamed at 500° C and 420 atmospheres. 
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I. INTRODUCTION 


Various investigators [1]! have demonstrated the existence of a 
general correlation between the potential tricalcium aluminate con- 
tent of portland cements of low glass content and the resistance to 
sulfate action of mortars and concretes made from these cements. 
The typical reaction which occurs during sulfate disintegration in- 
‘Numbers in brackets indicate the references at the end of the paper. 
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volves conversion of the hydration products of tricalcium alumingt; 
to gypsum and the “‘high-sulfate form” of calcium sulfoalumingt, 
3CaO.Al,03.3CaSO,.31.5H,0. This transformation is accompanio 
by considerable expansion which eventually may disrupt the specimen, 

There are a number of methods by which the sulfate resistance o! 
portland cement mortar or concrete can be increased, including the 
following: ieee 

(1) Steaming the mortar or concrete [2]. 

(2) Prolonged curing of the mortar or concrete at ordinary ten. 
peratures [3]. . 

(3) Mixing the cement with a puzzolanic material [4]. 

(4) Increasing the glass content of the cement [5]. 

(5) Altering the chemical composition of the cement [3]. 

In view of the relationship between the tricalcium aluminate cop. 
tent and disintegration tendency of the cement, it seemed probab); 
that these methods might be efficacious in the degree to which they 
convert the aluminate content of the set cement into a form no: 
readily attacked by sulfate solutions. Recent work [6] suggested tha; 
this stabilized aluminate might consist of silica- or iron-containing 
hydrogarnet. Experiments which support this hypothesis have bee, 
made and are reported in this paper. 


II. RESISTANCE OF HYDROGARNETS TO SODIUM 
SULFATE SOLUTION 


1. METHOD OF TESTING 


Samples of hydrogarnet preparations having compositions shown in 
figure 1 were available from a previous study. The isometric tr- 
calcium aluminate hexahydrate (1, fig. 1), prepared by treating an- 
hydrous tricalcium aluminate with steam at 150° C in an autoclave, 
was practically free from silica and ferric oxide. The tricalcium fer- 
rite hexahydrate (8, fig. 1) was obtained by reaction of ferric chlorid: 
solution with boiling limewater. This preparation contained a cer- 
tain amount of silica, probably combined as hydrated calcium silicate 
since a determination of the unit cell size of the sample gave practically 
the theoretical value for 3CaO.Fe,03.6H,O. 

A sulfate test solution was desired which would contain a sufficient 
concentration of calcium ions to prevent undue hrydolysis of the 
hydrogarnet preparations placed in contact with it. Such a solution 
was prepared by mixing 100 g of anhydrous sodium sulfate with | 
liter of saturated lime solution (1.15 g of CaO per liter). The result 
ing mixture was slightly supersaturated with respect to gypsum and 
some precipitation of this compound occurred. To 100-ml quant 
ties of the test solution, in tightly-stoppered flasks, 0.5-g samples of 
the hydrogarnet preparations were added. The flasks were allowed 
to stand with occasional daily shaking. Small samples of the solid 
phases were filtered off at intervals and examined microscopically. 


2. RESULTS 


Transformation of the 3Ca0.Al,03.6H,O to well-developed needles 
of the “high-sulfate form” of sulfoaluminate, 3CaO.Al,0;.3CaS0, 
31.5H,O, began within a few hours and was complete after 2 days 
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contact with the sulfate solution. The sulfoaluminate was unchanged 
| py standing 6 months longer in contact with the solution. 

“The aluminate preparation containing no ferric oxide and only 7.7 
percent of silica (2, fig. 1) was not perceptibly altered until after about 
4 months when a very small amount of finely divided material having 
the mean refractive index of the sulfoaluminate appeared. This 
product increased to about 10 percent of the sample in 6 months. 
Preparations 4 and 5, fig. 1, which had Al,O,:Fe,O; molar ratios of 2-4 
12.8 percent of Fe,O;) and 1:1 (18.4 percent of Fe,O3) and contained 
the lowest amounts of silica, showed a small amount of apparently 
amorphous material surrounding the isometric crystals after 6 months’ 


4/,.0,-3.5/0> 3€00-Fe203°3HOp 


| laces 
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2G 6 3Ca0-fe,0, 640 


Ve 
Molar Ratio, Fe203/ Ros 


FicurE 1.—Compositions of members of garnet-hydrogarnet series exposed to sodium 
sulfate solution. 


contact with the sulfate solution. No appreciable alteration of any 
of the other preparations tested was observed during the 6-months’ 
period, 

Thus the hydrogarnets which contain 10 to 15 percent or more of 
either silica or ferric oxide appear to be very resistant to transforma- 
tion by the sulfate test solution. It can be postulated, therefore, that 
the sulfate resistance of set portland cements will be greatly improved 
if the aluminate compounds which they contain are converted to 
silica- or iron-containing hydrogarnets. The remainder of this paper 
will attempt to show how this is accomplished by the various methods 
already mentioned. 
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III. EFFECT OF HYDROTHERMAL TREATMENT OF mix. 
TURES OF ALUMINATES AND SILICATES ON THE sy. 
FATE RESISTANCE OF CEMENTS 


1. METHOD OF STUDY 


Mixtures of isometric 3CaO.Al,03.6H,O with definite amounts o 
various hydrated calcium silicates were prepared for treatment wiih 
water over a range of temperatures. A few mixtures of anhydroys 
tricalcium aluminate and the anhydrous calcium silicates were als 
included. The synthesis of the hydrated calcium silicates has bee, 
described in an earlier publication [7]. 

Some of the mixtures were placed in saturated lime solution (0,5 > 
of mixture in 200 ml of solution) at ordinary temperatures; the remaip. 
der were placed in high-pressure autoclaves and heated with sufficien 
water to insure the presence of liquid at the temperatures used. At 
the completion of the heating period samples of the solid phase wer. 
withdrawn, washed with alcohol and ether, and examined micro. 
scopically. From the relationship between index of refraction and 
composition in the 3CaO.Al,0;.6H,0-3Ca0.A1,03.3Si0, solid-solution 
series, given in fig. 2, the approximate composition of the isometric 
phase could be estimated from a determination of its refractive index, 
Fig. 2 was constructed from index of refraction values reported in the 
literature for 3CaO.Al,0;.6H;O, plazolite, and grossularite, and from 
values for two synthetic preparations obtained in this study. 


2. PRODUCTS OF HYDROTHERMAL TREATMENT OF ALUMINATE 
SILICATE MIXTURES 


Owing to the very different rates of reaction with water of the 
aluminate and silicate compounds in cement, it is probable that tri- 
calcium aluminate hexahydrate will occur in set cement associated 
with hydrated calcium silicates of different compositions and stages 
of crystallization. However, if such products are unstable with 
respect to hydrated calcium aluminosilicates, further reactions may 
occur. Restricting consideration to mixtures having the molar ratio 
1A]1,03:1Si0,, the following hypothetical equations may be formv- 
lated: 

3Ca0.Al,03.6H20 + Si0.=3Ca0. Al,03.Si02.4H20 + 2H,20. (1 
3CaO. Al,O3.6H,O + CaO:SiO,:aq=3Ca0.Al,03.Si02.4H,0+ Ca(OH)2+aq. (2 
3Ca0.AlL0;.6H,0 + 2Ca0.Si0,, Hi0—3Ca0.AlOs.Si0;.4H,0-+2Ca(OH); ; 
+ H20. ( 
3Ca0. Al,O;.6H,0 + 3Ca0.Si0,.2H2,0 =3Ca0.Al,03.Si02.4H20+3Ca(OH); 
+ 


20. 


According to figure 2, the index of refraction of 3CaO.Al,0;.5i0;. 
4H,0 is approximately 1.63. Therefore, if the above reactions proceed 
to completion, the products will consist entirely of calcium hydroxide 
and an isometric phase of index 1.63. Table 1 shows that this con- 
dition is very nearly fulfilled in experiments 3, 6, 7, 8, and 11, where 
sufficient time had been allowed at the temperatures given, for com- 
plete transformation of the original materials. In most cases, the 
index of refraction of the isometric phase was not uniform but showed 
a variation of about 0.01 unit. This variation is probably caused by 
imperfect mixing of the original samples and by difficulty in obtaiming 
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uniform reaction between crystals of low solubility. In experiment 3 
a rise in index of refraction of the isometric er y stals to as much as 1.64 
may have been caused by a concentration of silica in the outer portion 
of the crystals. Numerous crystals having the higher indices of 
refraction contained cores of lower index. 

A mixture of tricalcium aluminate hexahydrate and silica gel in thp 
molar proportion 1A],03:2Si0O., treated with water at 350° © for 
10 days, was completely converted to an isometric phase having gy 
index of refraction approximately that of plazolite, 3Ca0.Al,0 

2Si0,.2H,O (experiment {, 


174 AOE G Mixtures of anhydrous 
WOSSUANE GAFNE. tricalcium aluminate with 


(3C20-A1,03'3SiG) beta-dicalcium and _ trical. 
cium silicates (experiments 
15 to 18) gave reaction 
products similar to thos 
of the hydrated compounds, 
The isometric phase in thes 
preparations was formed in 
an extremely finely divided 
state. Variation of the 
Plazolite —— ratio of aluminate to sili 
(3CAOAGG;2510, 219) cate had little effect on thy 
fe of refraction of the 
isometric product. With 
an excess of silicate present 
the temperature and dura- 
tion of the experiment are 
the factors which deter- 
mine the extent of substi- 
tution of silica in the iso- 
metric hydrated aluminate 
At room temperature, 
3CaO.Al,0;.6H,O — reacts 
/ 2 with hydrated dicalcium sil- 
Molar Ratio, 510,/Alz Q; icate (experiment 9) and 


; ; hydrated tricalcium silicate 
FiGURE 2.—Relationship between index of refrac- (e BaeRE 9 Rec 
a ~. (experiment 12) to form 
tion and composition in the solid-solution series ee prha i sale 
3Ca0.Al,03.6H2,0 —3Ca0.Al,05.3Si0». silica-containing hyadro- 
garnets, whereas with silica 
gel (experiment 1) or amorphous hydrated monocalcium silicate (ex- 
periment 5), there is little evidence of such a reaction. It is possible 
that the amorphous reaction products in these experiments may form 
a layer of low permeability on the crystals of 3CaO.AI,0;.6H,0, 
thereby diminishing the rate of diffusion of silica into the aluminate. 
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3. RELATIONSHIP OF RESULTS TO CURING OF PORTLAND CEMENT 
MORTAR OR CONCRETE 


It is well known that steam curing is one of the most effective means 
of increasing the sulfate resistance of portland cement mortars and 
concretes. The foregoing experiments show that the essential change 
produced by steam curing appears to be the removal from the set 
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cement of tricalcium aluminate hexahydrate, which is unstable in the 
| presence of sulfate solutions, and the formation of a silica-containing 

hydrogarnet, which is stable in such solutions. The crystallization of 
hydrated calcium silicates and reduction in free calcium hydroxide, 
| which accompany steam treatment, are probably factors of less im- 
portance. In curing at ordinary temperatures, the formation of silica- 
containing hydrogarnets may likewise be the determining factor. 
Both the rate of conversion of 3CaO.Al,03.6H,O and the improvement 
in sulfate resistance at such temperatures are very slow. 


IV. EFFECT OF HYDROTHERMAL REACTIONS OF CEMENT 
COMPOUNDS WITH BURNT-CLAY PUZZOLANA ON THE 
SULFATE RESISTANCE OF CEMENTS 


1. MATERIALS AND PROCEDURE 


Dehydrated Georgia kaolin was selected as a typical burnt-clay 
puzzolana. The original material, before ignition, had the following 
composition (analysis by F. W. Glaze): 


(ees OUGs) a2 55 ohne EE AER © 
Ignition loss 


The kaolin was dehydrated by heating for 2 hours at 700° C. Mix- 
' tures of this material with various cement compounds were then 
prepared and treated with water at elevated temperatures and 
pressures. Microscopical examinations were made of the resulting 
products. 

In two experiments the dehydrated kaolin was replaced by a 
coprecipitated alumina-silica gel having a molar ratio of 1A],04:2Si0,. 


2. RESULTS OF HYDROTHERMAL TREATMENT 


Hypothetical reactions of dehydrated kaolin with the various 
cement compounds in the presence of water may be represented by 
the following equations: 


3CaO + Al,O;:2Si0, + 2H,O=3Ca0.Al,03.2Si0,.2H,0 (1) 


3CaO +3Ca0.Al,O;-+- Al,0;:2Si0,-+8H,0= (2) 
2(3CaO.Al,03.Si0,.4H,O0) 


CaO 4- B-2CaO.Si0, +- Al,O;: 2Si0, =3Ca0. Al,03.3Si0, (3) 
3CaO-Si0,+ Al,O;:2Si0,=3Ca0. Al,O3.3Si0, (4) 


Table 2 permits a comparison of the observed values for the index 
of refraction of the isometric phase with the theoretical index which 
would result from complete combination of the cement compound 
with the aluminum silicate. The values obtained in experiments 20, 
22, 23, and 25 indicate that reactions 1, 2, 3, and 4, respectively, 
proceed almost to completion at the temperatures and with the 
reaction periods chosen. 

Dehydrated kaolin was replaced by coprecipitated alumina-silica 
} gel in experiment 21. Less of the isometric product was formed and 
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it was poorly crystallized compared with that of experiment 20, |, 
a repetition of experiment 21, the coprecipitated gel was dehydrato, 
at 700° prior to mixing with lime. The product of hydrotherm,| 
treatment in this case was somewhat better crystallized than tha; 
obtained from the undehydrated gel but the difference was po: 
particularly marked. 


TaBLE 2.—Formation of silica-containing hydrogarnets from mixtures of cemen; 
compounds and dehydrated kaolin 











| 

| Index of refraction of iso- 

| metric phase in product “7 Xi. 
| hat 


| 
| 
Ex- | 
peri- | : . 
ment} Molar ratio of mixture 
num- 

ber Observed 





| ——| amount 
ny : of iso- 

Theoretical | °' 
(assuming | | ™Metr 
complete | Puase ln 
reaction) | Produ 





1. 64 to 1.65 
350 1. 65 to 1. 66 
350 5 1. 64 
225 h 11. 625 to 1. 63 
500 1.72 
250 3 1.65 
500 : 1.70 




















Well-crystallized preparations were obtained by steaming mixtures 
of beta-dicalcium silicate, lime, and dehydrated kaolin and of trical- 
cium silicate and dehydrated kaolin at 500° C and 420 atmospheres, 
The product of experiment 23, particularly, gave an X-ray pattem 
which showed practically no shift in lines from the pattern of grossu- 
larite garnet. The much slower rate of combination of dehydrated 
kaolin with tricalcium silicate at 250° C than at 500° C is illustrated 
by experiments 24 and 25. 


3. APPLICATION TO PORTLAND-PUZZOLANA CEMENTS 


The foregoing results cannot be applied directly to an explanation 
of the high sulfate resistance of portland-puzzolana cements because 
mortars and concretes made from such cements are usually not 
subjected to steam curing. Also the initial products of reaction of 
dehydrated kaolin with lime in the presence of water at ordinary 
temperatures are different from the isometric crystals obtained at 
elevated temperatures. As reported by Striatling ? [8] and confirmed 
in unpublished work in this laboratory, the products at room tempera- 
ture occur as hexagonal plates which are similar in appearance to the 
hexagonal forms of the hydrated calcium aluminates. These plate- 
like crystals belong to a series of hydrated calcium silicoaluminates 
which appear to bear a close relationship to the calcium aluminate 
complex salts. 

A sample of one of the hexagonal silicoaluminate preparations, 
exposed to the sulfate test solution, was about 50 percent converted 
to the sulfoaluminate in 10 days. After three weeks practically no 
hexagonal crystals remained. The hexagonal silicoaluminates, there- 
fore appear to be much less resistant than the isometric calcium alum 

? At the time of publication of a previous paper by the authors [6] they had read only a brief report of Strit- 
ling’s work [9]. This report did not specify the crystalline nature of the product formed by the reaction 0! 
dehydrated kaolin with lime solution. It was assumed by the authors that the product might have been 20 


isometric hydrated calcium aluminosilicate or “hydrogarnet.” Stritling’s publications show that this 
was not the case. 
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nosilicates (hydrogarnets) to transformation by the sulfate solution. 
This same experiment, however, indicates that the hexagonal com- 
pounds probably possess a higher solubility than the hydrogarnets 
and, if initially protected from sulfate action, should be _——- 
transformed to the hydrogarnets at ordinary temperatures. Such 
alteration would lead to increased sulfate resistance of the portland- 
puzzolana mortar. 


Vy, EFFECT OF INCREASE IN GLASS CONTENT ON THE 
SULFATE RESISTANCE OF CEMENTS 


In a previous paper [6], it was shown that glasses, representative of 
ihe compositions of various liquid phases formed in portland cement 
clinker at 1,400° C, will react with water at elevated temperatures to 
cive hydrogarnets containing iron and silica. In order to ascertain 
whether or not similar reactions will occur at ordinary temperatures, 
| powdered samples of three of the glasses used in the former study were 
made into pastes with 50 percent of their weight of water and stored 
in sealed vials. The three glasses had the following compositions: 


CaO Al,O; Fe,0; SiO, 

% % 0 % 

, 33.0 0.0 8.7 
30.3 5.0 8.0 
22.7 16.5 6.0 

After 2 months’ storage, about 50 percent of glasses A and B had 
been converted to isometric crystals having indices of refraction of 
' 1.62 and 1.62 to 1.63, respectively, and about 10 percent of glass C 
had altered to isometric crystals having a refractive index of 1.64 to 
1.65. No separation of hematite or formation of hexagonal calcium 
aluminate hydrate was observed. 

Increase of the glass content of portland cement clinker occurs 
partly at the expense of crystalline tricalcium aluminate, which is 
very susceptible to sulfate attack. Thus, reducing the content of 
tricalcium aluminate and increasing that of the glass, which will 
hydrate to silica- and iron-containing hydrogarnet, would be expected 
to improve the sulfate resistance of portland cement. Such improve- 
ment, with increase in glass content of cements, has been reported 
by Parker [5]. 


VI. EFFECT OF INCREASING ALUMINA-FERRIC OXIDE 
RATIO ON THE SULFATE RESISTANCE OF CEMENTS 


Cements having a low alumina-ferric oxide ratio are considerably 
more resistant to sulfate action than those having a high ratio. Com- 
positions of the former type are relatively high in potential tetracal- 
cum aluminoferrite and low in potential tricalcium aluminate, 
whereas the reverse situation obtains in the latter type. 

The much greater sulfate resistance of tetracalcium aluminoferrite 
than of tricalcium aluminate is explained by the fact, established in a 
previous study [6], that, when mixed with sufficient water to form a paste, 
the ferrite hydrates to give an iron-containing hydrogarnet while the 
iluminate hydrates to iron-free calcium aluminate hydrate. The unit 
cell size of the isometric phase obtained from a paste of tetracalcium 
aluminoferrite at room temperature was 12.60 A (angstroms), or 0.04 
A higher than that of 3CaO.Al,0,.6H,O. The unit cube size of 3CaO. 
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Fe,O3.6H,O is 12.74 A, or 0.18 A higher than that of the aluminat, 
Since a linear relationship exists between unit cube size and compos. 
tion expressed in mole percent in the series 3CaQ.A1,03.6H.0-3C a0 
Fe,0;.6H,0, a unit cube size of 12.60 A would correspond approx. 
mately to a solid solution containing 0.04/.018 X 100=22 mole percen; 
of 3CaO.Fe,0;.6H,O in 78 mole percent of 3CaQO.Al,0;.6H,0, 4 
sample of tetracalcium aluminoferrite steamed at 225° C gave a 
isometric product having a unit cube size of 12.62 A, correspondins 
to a solid solution of approximately 33 mole percent of 3CaO.Fe.0,.6H,) 
in 67 mole percent of 3CaOQ.Al,0;.6H,O. Both of these solid solution; 
would be rather resistant to sulfate action. 


VII. SUMMARY 


Experiments on the constituents, and on the possible hydratioy 
products, of portland cement indicate that the sulfate resistance o{ 
portland cement should be increased by any method resulting in th: 
removal from the set cement of tricalcium aluminate hexahydrate, 
which is unstable in sulfate solutions, and substitution for the alumi. 
nate of hydrogarnets containing iron or silica, which are stable jy 
such solutions. Such substitution may be brought about by: 
reaction of the hydrated aluminate with silica from the various silji- 
cates in the set cement, (2) addition of a puzzolanic material to the 
cement, and (3) increasing the glass and tetracalcium aluminoferrite 
contents of the cement. 

Additional studies will be necessary to determine to what extent the 
members of the hydrogarnet solid-solution series are actually formed, 
or can be made to form in the setting and hardening of various cements 
and cement-puzzolana mixtures at ordinary temperatures. 

Preparations having an X-ray structure nearly identical with that 
of grossularite garnet resulted when mixtures of beta-dicalcium silicate 
lime, and dehydrated kaolin, and also of tricalcium silicate and de- 
hydrated kaolin, were steamed at 500° C and 420 atmospheres. 


The authors are indebted to H. F. McMurdie for making the X-ray 
patterns of the garnet preparations. 
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MICROSCOPIC STRUCTURE OF THE WOOL FIBER 
By Charles W. Hock, Robert C. Ramsay, and Milton Harris ! 


ABSTRACT 


An investigation was undertaken to obtain information concerning the fine 
details of structure of wool fibers and especially of their constituent scale and 
cortical cells. Treatment of chemically modified wool with the enzyme, pepsin, 
was found to be an excellent method for releasing individual cells for such studies, 

It is shown by microdissection that the striated appearance of the cortical cells 
is due to the presence of many fibrils which can be separated with microneedles. 
Near the center of each cell is a nucleus which has a granular structure. Between 
crossed nicols, the fibrillar part of the cortical cells appears birefringent, whereas 
he nucleus does not. 

The scales show little internal organization such as exhibited by the cortical 

When examined with crossed nicols they appear nonbirefringent. Unlike 
the cells of the cortex, the scales are not easily separated by treatment with 
enzymes, but remain attached to each other in a manner comparable to the 
arrangement of shingles on a roof. 

A comparison of root and shaft of the fiber reveals numerous differences in 
reaction to microchemical color tests, as well as differences in cellular structure. 
The root, for example, gives a positive test for sulfhydryl groups whereas the 
shaft gives a negative test. Similarly, the shaft appears birefringent whereas the 
root does not. These and other observations clearly indicate that as the cells of 
the root emerge into the shaft a number of physical and chemical changes take 
place simultaneously. 

When wool is placed in chlorine water, swellings arise on the surface of the 

s (Allw6rden reaction). Evidence is presented in support of the view that 
these sacs arise solely from the scales and that their formation is associated with 
the reaction of the chlorine with disulfide groups of the cystine in the scales. 


CONTENTS 
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Experimental procedure and results__—_-- ae 
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. Differences between root and shaft 
5. Allw6érden reaction_-__- 
IV. References 


I. INTRODUCTION 


Wool fibers are specialized appendages of the epidermis of the sheep, 
and show many similarities to other skin tissues, such as nails, horns, 
and feathers. A growing fiber consists of a root ‘and shaft, the former 
being the living region situated beneath the surface of the skin, whereas 
the latter is the nonliving portion that extends above the skin surface. 
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Increase in length of the fiber is brought about by the proliferation o 
new cells in the root and the subsec quent emergence of these ¢¢l)k 
into the shaft. The shaft is composed of dead cellular units which 
usually are arranged in three layers—an outer layer of scales, a midd| 
region called the cortex, and a central core or medulla. The relative 
thickness of each of these layers varies considerably in different fibers 
Kemp, for example, has a large medulla, whereas in the best. grades 
of wool the medulla is either absent or ver y small. 

Much of this knowledge of the structure of the fiber was cop. 
tributed by the early researches of Nathusius [1]? and MeMurtrie 
(2). These investigators obtained considerable information concer. 
ing the shape, length, and fineness of wool, and in addition deserjhed 
the various types of cells which comprise the fiber. A number of the 
structural details were also noted later by Kronacher and Lodemay 
[3], von Bergen [4], Reumuth [5], and Miller [6], as well as others 
In the present investigation these earlier observations have been 
extended in order to obt: ain additional information on the fine details 
of structure of the fibers and especially of their constituent cells, 


II. MATERIALS 


Two samples of wool were used in the investigation. One consisted 
of domestic wool, for the most part nonmedullated, which was purified 
by successive extractions with ethyl alcohol and with ether for 16 
hours each, followed by washing with water at 40° C. A second 
sample was obtained from the Bureau of Animal Industry, United 
States Department of Agriculture.* It consisted of wool carefully 


pulled from the back of a Hampshire sheep so as to have the roots 
attached to the shaft, and also of small pieces of skin, which were 
cut directly from the sheep and placed in fixing fluids. 


III. EXPERIMENTAL PROCEDURE AND RESULTS 
1. SEPARATION OF CORTICAL AND SCALE CELLS 


When wool fibers are mounted in water and examined with 1 
microscope, much can be learned about the size, shape, and appear- 
ance of the surface of the fibers, but very little is learned of the 
detailed structure of their constituent cells. In order to study the 
minute structure of the various types of cells, the fibers must be 
treated in a way that makes a more detailed microscopic examination 
possible. For this purpose thin cross and longitudinal sections can 
be employed to good advantage, but the liberation of single cells 
from the fibers is even more satisfactory. 

The liberation of cells from fibers by various chemical reagents, 
enzymes, and bacteria has been frequently reported in the literature. 
The treatments with chemical reagents usually involve the use 0 
strong acids or alkalies and are sufficiently drastic to produce more 
or less profound changes in structure. Treatment of the fibers wit! 
enzymes is in many respects more satisfactory and has been used 
considerably in the present investigation. 

Although untreated wool is highly resistant to the action of enzymes 
it has been shown in work now in progress in this laboratory [7 ] that 


2 Figures in brackets indicate the literature references at the end of this paper. 
3’ Acknowledgment is made to J. I. Hardy for supplying this material. 
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fbers in Which disulfide cross-linkages have been ruptured by reduc- 
‘ion with thioglycolic acid and then methylated to prevent re-forma- 
ion of the linkages are rapidly attacked by treatment with an enzyme 
such as pepsin. Accordingly, it was decided to follow, microscopi- 
cally, the changes which reduced and methylated wool undergoes in 
pepsin, in an effort to obtain information concerning the structure 
and behavior of the cells. For comparison, untreated fibers were 
.imilarly examined.* Samples of each were placed in vials containing 
a solution of the enzyme. At the same time, single fibers were placed 
in a drop of enzyme on a microscope slide and protected with a 
cover glass, Which was sealed to the slide with vaseline. The latter 
method made possible the continuous observation of a single fiber 
over a relatively long period. The specimens were examined and 
fresh enzyme was added every 2 or 3 days. The experiments were 
run at two temperatures—one at room temperature (22° to 25° C) 
and another at 35° C. The material kept at the higher temperature 
was the first to show evidence of attack by the enzyme, but other- 
wise the two series ultimately presented essentially the same micro- 
scopic appearance. 

In agreement with the other work [7], it was found that untreated 
wool was not readily attacked by pepsin. Even after long exposure 
to the enzyme these fibers showed little evidence of damage except 
for frayed ends, and sometimes the liberation of a few cortical cells. 
The reduced and methylated wool was attacked more rapidly. Cells 
obtained from this wool had the same initial appearance as cells 
obtained in a similar manner from untreated wool. However, as will 
be shown later, cells from untreated wool were resistant to further 
action of the enzyme whereas cells from reduced and methylated 
samples were eventually digested. With reduced and methylated 
wool, even at room temperature, changes in the fiber were detect- 
able in less than 24 hours. The free ends of the fiber were usually 
frayed, and some intermediate parts appeared to be darkened and 
crushed. After several days pronounced changes had taken place. 
The fibers had lost their lustre and exhibited a pronounced striated 
appearance due to the increased prominence of the cortical cells. 
After continued treatment with enzymes, large numbers of cortical 
cells were liberated from the fibers (fig. 1, A, B, and C). The cortical 
cells were removed not only from the ends of the fiber but from in- 
termediate parts as well, leaving in extreme cases practically intact 
tubes of scale cells (fig. 1, C). In regions where only part of the 
cortex was removed from a given area, it was found that the first 
cells to be liberated lay next to the scales. Additional cortical cells 
were released upon applying pressure to the cover glass. 

The enzyme apparently had easier access to the cut ends of the 
liber and thus brought about greater deterioration in those regions. 
This behavior has also been noted by other investigators. Photo- 
micrographs by von Bergen [4] indicate that after certain chemical 
treatments the ends show the most damage. From the work of Rover 
ind Millson [8] on dyed wool it is evident, also, that the ends of the 
fibers take up dye more rapidly than do intermediate parts. Similar 
results, indicative of the greater liability to attack at the ends, were 


‘A solution of pepsin was prepared np aemags® om mg of the crystalline enzyme in 1 ml phosphate buffer 
at pH 1.2. A few drops of merthiolate were added to the solution as a preservative. 
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obtained in the present investigation. Furthermore, when the ep, 
of untreated and of reduced and methylated fibers were sealed y;:; 
glue before placing the fibers in pepsin, it was found that the break. 
down of the fibers was retarded. After a few weeks in the enzyms 
however, this difference between fibers with sealed and with unsealo, 
ends was lost, both samples then showing similar degrees , 
disintegration. 

In order to study further the action of pepsin on untreated and o 
reduced and methylated wool, cross sections, cut 10 to 15 microy: 
thick with the Hardy device [9], were placed either in vials containins 
the enzyme or in drops of the latter on microscope slides. Even afte 
a month there were only slight changes in the untreated sections (fe 
2, A). With sections of reduced and methylated wool the corte; 
was eaten out, leaving in extreme cases only a thin ring of scale 
(fig. 2, C). The degree of breakdown of the wool was related to th: 
length of exposure to the enzyme (compare fig. 2, B, with fig. 2, ¢ 
Furthermore, the rate of digestion appeared to be associated with the 
extent of reduction of the wool, as reduced and methylated fibers 
with 90 percent of the disulfide cross-linkages broken were much more 
rapidly attacked by the enzyme than those in which only 50 percen 
of the linkages had been disrupted. When free cortical cells, released 
from partially reduced and methlyated fibers upon treatment wit) 
pepsin, were placed in fresh enzyme for a period of 1 month, some of 
the cells appeared to be digested whereas others from the same sample 
remained practically intact. These differences appear to be asso- 
ciated with the extent of reduction of the wool and suggest that the 
undigested cells may be ones in which most of the cross-links are 
intact. 

The results of these experiments indicate that the scale cells are 
resistant to the action of pepsin and that the ease with which single 
cortical cells are liberated depends on the previous chemical treatments 
which the fibers received. Although cortical cells may be rapidly 
separated from each other by the action of pepsin, individual cells 
show further signs of disintegration only after continued treatment 
with the enzyme. 


2. STRUCTURE OF THE CORTICAL CELLS 


Single cortical cells are spindle-shaped. They vary in size depend- 
ing on the sample of wool. Walther [10] found that their average 
size varied from 80 to 110 microns in length, 2 to 5 microns in width, 
and 1.2 to 1.6 microns in thickness. Cortical cells liberated from 
fibers by the action of chemical agents frequently show evidence of 
fimbriated ends. In most cases, also, the cells are prominently 
striated. 

On careful examination of single cells liberated from the cortex 
by the action of pepsin, a structure located near the center of the cell 
and resembling a nucleus was frequently observed (fig. 3, A). This 
central region did not, however, stain with common nuclear dyes such 
as hematoxylin and methylene blue. Figure 3 (A) shows also that 
the nucleus is granular, whereas the rest of the cell is fibrillar mn 
appearance. 

Nuclei are not easily observed in untreated cross sections, but are 
clearly visible after the latter have been properly stained or swollen (5). 
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For example, treatment of the sections with pepsin, sodium carbonate, 
or with a combination of both these reagents rendered the outline of 
' individual cortical cells and their nuclei distinct (fig. 4). Furthermore, 
when the cells were treated with Orange II*® (a dye which readily 
ctains wool) the cells became deep orange, but this central region was 
only lightly stained. Upon examination with crossed nicols, a dark, 
central, elongated area was nearly always detectable in the bright 
cell (fig. 3, B). In other words, each birefringent cortical cell pos- 
sesses a nonbirefringent nucleus. Finally after continued treatment 
| with pepsin, many of the cortical cells were nearly eaten in two at the 
middle (fig. 3, C), even though the cell is widest at this point. This 
suggested that the nucleus consists of a material which is more readily 
attacked by the enzyme than is the rest of the cell. 

The structural details of the cortical cells were further investigated 
by dissecting them with the aid of a micromanipulator. Upon careful 
manipulation it was possible to insert two fine glass needles into a 
single cell and pull it apart. When this was done, it was found that 
the cell was composed of many fibrils (fig. 5, A, B, and C). When 
examined between crossed nicols, the latter appeared to be birefrin- 
cent. Small and large groups of fibrils were dissected from the cell, 
and in some cases all the fibrils were spread out in the form of a fan. 
By this technique it was possible to prove that the striated appearance 
of the cortical cells is due to the presence of fibrils and not merely 
to surface irregularities or diffraction phenomena. 


3. STRUCTURE OF THE SCALE CELLS 


As already described, the scales, unlike the cells of the cortex, were 
not appreciably affected by pepsin. They usually remained attached 
to each other in the form of tubes (fig. 1, A, B, and C) corresponding 
to their arrangement in intact fibers, or at least in rather large groups, 
which furnished excellent material for a microscopic examination. 
The liberation of single scale cells was relatively infrequent, nor were 
additional ones readily released upon applying pressure to the cover 
glass. Although the scales stained poorly, the addition of a dye such 
as Orange II was helpful in showing their arrangement. It was clear 
after staining that the scales overlapped in a manner comparable to the 
arrangement of shingles on a roof (fig. 6). Except for a few indistinct 
markings on the surface, individual scales showed little evidence of 
internal structure. 

When handled with microneedles, groups of scales freed by the 
action of pepsin appeared to be rather pliable, although the individual 
scale cells were not easily separated from each other. They could, 
nevertheless, be torn apart in such a way as to form chunks of scale 
material. In so doing there was no obvious fibrillar structure such 
as that shown by the cortical cells. 

When the Feulgen test for nucleic acid (see section III-4) was 
applied to untreated wool fibers, the scale cells of the shaft gave a 
negative test. Scales liberated from the fibers by various treatments 
were also examined in an effort to detect nuclei. Although structures 
superficially resembling nuclear bodies were observed occasionally in 
these cells, their presence could not be demonstrated clearly nor 
consistently. 


_ 


A 1.4-percent solution of Orange IT at pH 1.5 was used. 
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Seales released by treatment with acids, alkalies, enzymes, or }; 
mechanical scraping were examined between crossed nicols. Ip jj 
cases, the scales, both before and after staining, showed practically y, 
birefringence. ; 

Additional information concerning the structure of the scales ;; 
contained in the section on the Allwérden reaction. ) 


4. DIFFERENCES BETWEEN ROOT AND SHAFT 


Since the cells of the root are alive and growing, whereas the ¢¢ljs 
of the shaft are dead, it is not surprising to find profound physica] 
and chemical differences between these two regions of the fiber 
Several of these differences were revealed when microchemical colo; 
tests were applied to wool fibers a short time after they had bee 
carefully pulled from the back of a sheep so as to have the roots 
attached to the shaft. 

These fibers were stained according to Feulgen’s technique [11, 12), 
which is considered to be specific for nucleic acid. <A positive test js 
indicated by the red coloration obtained when a fuchsin-sulfuroys 
acid solution is applied to the nucleus. Fibers which had been given 
this test showed a root which was stained deep red, whereas the 
shaft remained colorless (fig. 7). This difference could be detected 
even with the unaided eye. Upon mounting the stained fibers in 4 
medium of higher refractive index and examining with a microscope, 
individual nuclei were observed (fig. 8). At the base of the root the 
nuclei and cells were relatively large and more or less rounded, 
Farther from the base the nuclei and cells were elongated. In some 
cases the nuclei were very narrow and slit-like, although distinctly 
red. A little below the level where the fiber emerges from the skin 
there was a rather abrupt change in the reaction of the nuclei, that is, 
they gave a negative Feulgen test in the shaft. That this difference 
did not appear to be caused by poor penetration of the dye into the 
shaft was indicated by the fact that fibers from which the scales had 
been removed by mechanical treatment still failed to give a positive 
test. 

In order to study further the changes which take place as the cells 
pass from the root to the shaft, longitudinal sections were made of 
pieces of sheepskin with fibers attached. The tissue was embedded 
in a mixture of paraffin and cellulose acetate [13], cut into sections 
according to the usual cytological procedure, and then stained either 
with hematoxylin or according to the method of Feulgen. The cells 
of the root had a somewhat roundish shape and a more or less granular 
appearance. The cells of the shaft, on the other hand, were elongated 
and distinctly fibrous. These facts are undoubtedly related to 
observations made with crossed nicols, which show that the shaft of 
the fiber is birefringent whereas the birefringence of the root is negli- 
gible. In agreement with the results obtained with single fibers, 
the nuclei in the cells of the root were found to give a positive reaction 
to Feulgen’s test. Nuclei were observed in those cells of the root 
which gave rise to scales as well as in those which gave rise to cortical 
cells. 

When a single fiber was mounted in dilute ammonium hydroxide 
and treated with sodium nitroprusside, a pink to red color was de- 
veloped in the root, whereas the shaft of the fiber remained colorless 
(fig. 9). The red coloration obtained with sodium nitroprusside 
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‘indicates that at least some of the sulfur in the root is present in 
| lfhydryl form. This is in agreement with the findings of previous 
| ipvestigators [14, 15, 16, 17, 18], who showed that the sulfhydryl- 
F containing substance is limited to the living cellular parts of the 
epidermis vad its appendages. In order to be sure that the difference 
in reaction between the root and shaft was not caused merely by 
a differential rate of penetration of the reagent, the scales were mechan- 
' ically removed from a few fibers. The results with such fibers were 
Fn agreement with those obtained in the original test. 
' The biuret test for proteins, the Sakaguchi test for arginine, and 
the Millon and Pauly tests for tyrosine were also applied to single 
fibers. These tests did not reveal any differences between the root 
and shaft, except that the former gave a positive test more quickly. 
_ The differences between the root and shaft may be summarized as 
follows: 





Root Shaft 


Soft and easily crushed. Tough and horny. 

Cells roundish. Cells elongated. 

Positive test for nucleic acid. Negative test for nucleic acid. 
Nuclei stained with hematoxylin. Nuclei unstained with hematoxylin. 
Cytoplasm granular in appearance. Cells distinctly fibrous. 

Not birefringent. Birefringent. 

Positive test for sulfhydryl groups. Negative test for sulfhydryl groups. 
No Allwérden reaction with chlorine | Many large Allwérden “‘sacs’’. 
water. 














5. ALLWORDEN REACTION 


' When wool fibers are placed in chlorine water, the so-called All- 

worden reaction takes place [19, 20]. This treatment causes the forma- 
; tion of sacs ® on the surface of the fiber (fig. 10, A and B). That the 
formation of these sacs is in some way associated with the scales has 
been suggested by many investigators [5, 19, 20, 21, 22, 23]. It is not 
clear, however, from a review of the literature, whether the sacs arise 
solely from the scales or whether the latter are merely pushed out by 
the swelling of a layer of material which lies beneath them. Since 
this is pertinent to an understanding of the structure of the fibers, the 
reaction Was investigated in detail. 

Although sacs form quickly with saturated chlorine water, their 
formation is slowed down by the use of dilute solutions. Likewise, 
the reaction is retarded, or even completely inhibited, by certain types 
of damage to the fiber. The first evidence of sacs is the appearance on 
each scale of a small swelling which gradually increases in size until 
the sac involves the entire scale surface. Incipient swelling did not 
appear to be confined to a particular part of the scale, such as base or 
tip. In a few cases two or more foci of swelling occurred in a single 
scale and were observed to flow together to form one large sac. It 
was also evident from the experiments that the size and shape of the 
sacs Was associated with similar properties of the scales. 

The sacs usually appeared optically empty. After certain treat- 
ments, however, particles showing Brownian movement were observed 
in them. As described by Kronacher and Lodemann [3], these par- 
ticles Were especially numerous when fibers which had been stained 


TT 
‘Since the swellings are shown to be protein membranes filled with liquid,“‘sac’’ is believed to be a more 
Sppropriate descriptive term than “‘bubble,”’ which is in widespread use in the literature. 
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with picric acid were placed in aqueous methylene blue subsequent j 
their treatment with chlorine water. In agreement with the obsery,. 
tions of Kronacher and Saxinger [22], it was found that the thin moy. 
brane of a sac could be stroked with a needle of the micromanipulat,; 
without causing the sac to burst, but just as soon as the microneed|; 
pierced the membrane the sac collapsed, leaving small bits of 4h, 
membrane still attached to the fiber. Likewise, the sacs collapsed afte; 
prolonged treatment with chlorine water, and after exposure to certai; 
chemical agents, especially alkalies (fig. 11). The sacs were staino; 
by dyes, such as methylene blue and malachite green, and this trea. 
ment was helpful in studying their size and shape. 

When cross sections about as thick as the length of the scales of 
wool fibers were treated with chlorine water, typical sacs were formed. 
The latter appeared to arise superficially on the surface of the scales 
There was no swelling of the region just inside the scales, such as 
might have been expected if some part of the fiber in addition to the 
scales was directly involved in the formation of sacs. Although the 
results of this experiment, as well as some observations with intact 
single fibers, suggest that the scales alone give rise to sacs, this fact 
could not be demonstrated clearly by these techniques. 

In untreated wool the scales are closely appressed to one another 
(fig. 12, A). In carrying out some preliminary experiments during 
the course of this investigation, however, it was noted that certain 
chemical treatments loosened the scales and caused them to bend 
away from the fiber. For example, when wool fibers were placed in 
concentrated sulfuric acid for an hour or less, or in concentrated formic 
acid for several weeks, the scales were loosened in a way which resen- 
bled warped shingles on a roof (fig. 12, B). After prolonged treatment 
with these acids, single scales, or small groups of scales, were con- 
pletely separated from the fibers. Scales which had been loosened 
or liberated in this way were excellent for studying the origin of the 
sacs. After removal from the acid, the fibers were washed with dis- 
tilled water and then placed in chlorine water. Sacs formed quickly, 
and in agreement with the conclusions of Miiller [6], it was evident 
that they came from the scales alone. It was clear, also, that the 
sacs were formed between the upper and lower surfaces of each in- 
dividual scale cell. A small swelling first appeared somewhere in th 
scale, and then increased in size until the whole scale was swollen to 
resemble a little ellipsoidal bag (fig. 12, C). Both the upper and lower 
surfaces of a sac appeared to be of approximately equal thickness. 
After their formation, the sacs on loose scales showed the same be- 
havior to dyes and chemical reagents as the sacs on fibers which had 
not been treated with acids. In cases where the scales were loosened 
from each other but not bent away from the fiber, the formation of 
sacs aided in the further separation of the scales. Sometimes sacs 
were formed on completely isolated scales; at other times where only 
fragments of single scales were treated with chlorine, sacs were not 
formed although the two layers of the scale were seen to separate. 
Apparently in the latter instance true sacs could not form because of 
the torn edges of the scales. The relationship between the formation 
of sacs in untreated and in acid-treated fibers is shown diagrammatl- 
cally in figure 13. 

Chlorine water caused the formation of sacs on all parts of a wool 
fiber except the root (fig. 14). Tests on hairs from more than a score 
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Reduced and methylated wool fibers treated with solutions of pepsin. 


w three stages in the removal of cortical cells from the fibers fand 2B unstained: ¢ 
stained with Orange IT. Magnification 350. 
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FiGURE 4.—Cross section of an untreated wool fiber after several weeks in a 
of pepsin followed by swelling with 9-percent sodium carbonate. 


NI 
1 


tomicrograph shows the outline of the individual cortical cells and their nuclei. Magnit 
1,500, 
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Cortical cells be ing dissected with microneedles to show thei) fiby ‘lar 
structure Z 


Magnification 
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Group of scale s rele aseé d by the action of pepsin on reduce d 
methylated fibe rs. 


th Orange II, Magnification 1,120 
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Single fiber (recently pulled from the back of a sheep) stained according 
’ showing the dark-colored root indicative of a positive test foi 


’ 


tech nique 


Fiber mounted in water. 
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FiGuRE 8.—Root of a wool fibe r showing individual nuclei in the cells o 


Fiber stained! according to the technique of Feulgen and mounted in tricresy] phosphate 
SOO, 
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9— Single fiber (pulled from the back of a sheep) treated with sodium 
nitroprusside, 


f the root indicates the presence of sulfhydryl groups. Part of the cuticle of the follicle 
remains attached to the fiber. Magnification 120. 
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Fibers treated with saturated chlorine water to give the Allwo 


reaction. 


1 fiber after sac formation. B, Fiber in focus approximately midway bh 


wer surfaces, Fibers stained with aqueous methylene blu Magnification 
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hicure 11.—Effect of alkali on Allwéiden sacs. 


with chlorine water, methylene blue, and then 1-percent sodium hydroxide 
ipsed sac membranes at the surface of the fiber Magnification 500, 
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FiGuRE 12.—WScales and their relation to the formation of Allwérder 


A, Fiber mounted in water and photographed in surface view to show the arrangement 
B, Fiber treated with concentrated sulfuric acid to loosen scales. Cy, Fiber treated with 
loosen the scales, and then with chlorine water to form sacs. The photomicrograph show 
various stages of formation, each arising from an individual scale. Magnification 425. 
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Fiber showing root and part of the shaft, after treatment with chlorine 
water. 


Many sacs arise in the shaft but none in the root. Magnification 120. 
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of common and rare animals were, likewise, found to give the All- 
worden reaction. ; 

In order to study further the conditions necessary for the formation 
of Allw6rden sacs on the scales, untreated wool was placed in a 0.6- 
nereent solution of sodium carbonate at 50° C. At various intervals 
‘hereafter, samples of the wool were removed, washed in acid and in 
yater, and finally placed in chlorine water. The number, size, and 
spidity of formation of the sacs was observed microscopically. It 
F cas found that sac formation was retarded with increasing length of 
alkali treatment. Mark [24] has similarly shown that the number of 
sacs formed on a fiber by 
chlorine water was de- 
creased as the concentra- 
tion of the carbonate and 
the temperature at which 
the reaction was carried 
out were increased. In the 
present investigation, 
chemical analysis of the 
fibers showed that as the 
cystine content of the 
fibers decreased, because 
of the action of the car- 
‘ bonate, sac formation was 
retarded. Similarly, sam- 
ples of wool which were 

ake ae cS degraded by photochemi- 
A, The origin of sacs in intact fibers. B, The separation of scales : ee age 
upon treating intact fibers with sulfuric acid. C, The origin cal reactions show ed poor 
ionen tng lee whieh pare toms peuoa ny pect exc formation. The ex- 

tent of the sac formation 
varied with the duration of the irradiation. Samples of wool degraded 
in this way also had appreciably reduced cystine contents [25, 26]. 
The Allw6rden reaction was also tried on samples of wool in which the 
node of linkage of the sulfur had been altered by treatments such as 
reduction and alkylation. In all cases the sacs were formed more 
quickly when the cystine content was high, whereas the formation of 
sacs did not occur when the cystine content was lowered sufficiently. 
While not all of the above chemical treatmenss are specific for cystine 
in wool, it is significant, nevertheless, that samples of wool with low 
cystine contents fail to give the Allwérden reaction. The results 
suggest that the formation of sacs is dependent on the specific reaction 
of chlorine with unaltered disulfide groups of the cystine in the scales 
of the fiber. That chlorine can react with cystine has already been 
(emonstrated [27]. A possible mechanism is that the disulfide link- 
iges are split and oxidized to strongly acid groups such as perhaps 
sulfonic acid groups. An osmotic type of swelling could then take 
place to form the sacs noted. Further evidence favoring this view is 
obtained when concentrated salt solutions are added to the fibers 
aiter the reaction with the chlorine. Under these conditions the 
sacs contract. 

It was noted, during the course of the above experiments with acid- 
treated wool, that when the scales gave rise to typical sacs, localized 
swellings often appeared in the cortex (fig. 15, A and B). In order to 
study this phenomenon further, wool fibers were treated with acid for 











Figure 13.—Diagram illustrating, in longitudinal 
view, the formation of sacs. 





190 Journal of Research of the National Bureau of Standards yx» 


longer periods in order not only to loosen the scales but to relegs 
individual cortical cells as well. Fibers which had been placed in 
concentrated sulfuric acid at room temperature for 1 to 2 hours, or j 
boiling concentrated formic acid for about 6 hours, were found to b 
suitable for these experiments. Individual cortical cells released }y 
these treatments showed distinct signs of swelling when placed it 
chlorine water. It was obvious, moreover, that the swelling in each 
cell was confined principally to the nucleus (fig. 15, B, and fig. 16 
In some cases additional swellings appeared to arise as buds from th 
swollen nucleus (fig. 16). Sw ollen nuclei were not observed in fies 
which had been treated with alkali or other reagents which prevent 
the Allwérden reaction. Although the foregoing observations Sugars 
that the typical Allwérden reaction of the scales and the swellin: 
cortical nuclei may be related phenomena, additional experiments 
pointed to dissimilarities between the two. In the presence of cop. 
centrated salt solutions, for example, the scale sacs became flaccid. 
and upon replacing the salt solution with water they regained thei 
former turgidity; the nuclear swellings on the other hand failed to 
react in this way. Furthermore, a gentle prick with the tip of , 
microneedle was sufficient to bring about the collapse of scale sacs, 
whereas this did not occur when nuclear swellings were punctured, 
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BEHAVIOR OF CALCIUM SULFATE AT HIGH 
TEMPERATURES 


By Edwin S. Newman 


ABSTRACT 


Differential heating curves were used to study the behavior of calcium sulfate 
at high temperatures. After cooling, the material was examined by means of the 
petrographic microscope and by study of its X-ray pattern. It was found that 
the beta-to-alpha transition of calcium sulfate occurs at approximately 1,214° C, 
and the conclusion of its discoverer that the high temperature form is unstable 
was confirmed. There appears to exist a eutectic mixture of alpha CaSO, and 
CaO which melts at approximately 1,365° C. The reported existence of basic 
sulfates of calcium was not confirmed. 
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I. INTRODUCTION 


The behavior of pure calcium sulfate is of interest in considering 
the properties of those types of calcium sulfate cements or plasters 
which are prepared by heating the raw material to a very high tem- 
perature. Several plants are in existence abroad at which calcium 
sulfate is used as one of the raw materials for the manufacture of 
portland cement and sulfuric acid, advantage being taken of the 
decomposition of calcium sulfate to lime and sulfur trioxide at high 
temperatures. This decomposition is presumably responsible in part 
for the absence of CaSO, in many portland cement clinkers made in 
the ordinary way, as has been reported recently by the National 
Bureau of Standards [1].! 

Naturally occurring calcium sulfate is found in two forms, as gypsum 
with 2 molecules of water of crystallization and as anhydrite contain- 
ing no water of crystallization. By heating gypsum at successively 
higher temperatures four modifications can be prepared in order as 
follows: (1) the hemihydrate, CaSO,-44H,O, of which plaster of paris 
is largely composed; (2) an extremely hygroscopic anhydrous form 
known as soluble anhydrite which changes rapidly to the hemihydrate 
in the presence of water vapor; (3) an anhydrous modification iden- 
tical with the naturally occurring anhydrous calcium sulfate mentioned 
above; (4) and at approximately 1,200° C a high-temperature form 


—_ 


' Figures in brackets indicate the literature references at the end of this paper. 
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stable, except for decomposition, only at this and higher temperaty,,; 
[2]. At such temperatures the decomposition of CaSO, to CaO an¢ 
SO; becomes appreciable. The total equilibrium pressure of S0, 
SO,, and O, over calcium sulfate has been measured [3, 4] and foun; 
to be approximately 100 mm at 1,225° C. The decomposition pres. 
ure increases rapidly with increase of temperature, and extrapolatio, 
of Marchal’s data [3] indicates that it probably reaches 1 atmospher 
in the neighborhood of 1,400° C. The presence of 30 percent o 
alumina, 43 percent of silica, or 35 percent of kaolin lowers the de. 
composition temperature [3] to about 1,350°, 1,275°, and 1,150° ¢ 
respectively. This is presumably responsible in part for the absence 
of calcium sulfate [1] in many portland cement clinkers, since the 
total equilibrium pressure of SO3, SO., and O, over a mixture cop. 
taining calcium sulfate, silica, and alumina may be expected to }e 
several atmospheres at clinkering temperatures. 

The transition of the ordinary forms of anhydrite to the high. 
temperature modification was reported to occur at 1,196° C by 
Grahmann [2], who studied the material by means of a petrographic 
microscope equipped with a furnace for maintaining the sample at 
high temperatures. Abrupt changes in interference colors observed 
when a single crystal was heated and the appearance of the crystal 
on cooling served, together with heating and cooling curves, to iden- 
tify a transition and fix its temperature. Masuda [5] reported that 
this transition occurred at 1,232° C, and unpublished data obtained 
by the writer indicated that the transition took place at an inter. 
mediate temperature. Because of the large variation in the reported 
temperature of transition, it was decided to report these data to- 
gether with further studies of the behavior of calcium sulfate at 
elevated temperatures and of the system CaO—CaSQ,. 


II. MATERIALS 


Artificial anhydrite, CaSO,, was prepared by heating CaSO,2H,0 
of analytical reagent quality for 1 hour at 600° C. Natural anhy- 
drite from Midland, Calif., was ground to pass a No. 200 sieve. Analyses 
indicated that the mineral contained 0.15 percent of SiQ,, 0.15 per- 
cent of Al,O;+Fe,O;, and 0.06 percent of MgO. The loss on ignition 
was 1.6 percent, including 0.9 percent of CO,. Calcium carbonate 
of reagent quality was used for a source of lime in preparing mix- 
tures of CaSO, and CaO. These mixtures were prepared by stirring 
the artificial anhydrite and calcium carbonate together in the desired 
proportions with sufficient distilled water to form a slurry, which after 
thorough mixing was evaporated to dryness and ground in an agate 
mortar to pass a No. 100 sieve. Subsequently the mixtures were 
ignited at 950° C for 2 hours to remove carbon dioxide. 


III. PROCEDURE 


Heating and cooling curves were obtained by means of a differential 
thermocouple of Pt:Pt-10-percent Rh in a small vertical tube furnace. 
The CaSO, and Al,O; as the reference material were placed, respet- 
tively, in two small semicircular crucibles, 4 inch in outside diameter 
and 1 inch deep, with a capacity of about 2 g of powdered material. 
The two hot junctions of the differential thermocouple were embedded 
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» the two materials and the crucibles suspended in the furnace. The 
a de veloped by the hot junction in the CaSO, was measured by 
‘means of a precision potentiometer, and differences in temperature 
between thie two hot junctions were indicated by the deflections of a 

gal anometer. The rates of heating or cooling, which were main- 
ned constant during the series of readings taken for any one heating 
uve, ranged from 2° to 5° C per minute. The potentiometer reading 
.d the deflection of the galvanometer were recorded every minute, 
: orofte ner if they were changing rapidly. A few small charges wrapped 
in platinum foil were heated and then quenched in water or mercury. 
These samples were then examined by means of the petrographic 
F microscope and by study of their X-ray patterns. The thermocouples 
were calibrated by the Bureau, and the differential thermocouple was 
checked occasionally against the melting point of CaO-B,O; (1,154° C) 
6] and the beta-to-alpha transition of 2CaO-SiO, (1,420° C) [7]. 


IV. RESULTS AND DISCUSSION 


The results are given in table 1. Examination of these data shows 
that the reversible transition of the ordinary form of anhydrite to the 
high-temperature modification occurs at approximately 1,214° C. 
The presence of large amounts of CaO (up to 76 percent) did not appear 
to alter this temperature significantly. The temperature at which 
the transition occurs was further substantiated by the following pro- 
cedure. Fragments of natural anhydrite were heated for 10 minutes 
at 1,210° to 1,220° C, cooled, and examined. Although heating below 
|,214° C caused no visual change, higher temperatures caused the 
particles to become opaque and under the microscope they were seen 
to be made up of crystallites at random orientation. This change is 
illustrated by photomicrographs taken by ordinary ee light 
of two such fragments after heating, one at 1,213° C (fig. 1) and the 
other at 1,217° C (fig. 2). The crystallites appeared to be the ordinary 
or beta form. Attempts to obtain alpha calcium sulfate at room 
temperature by quenching samples heated above the transition 
temperature were unsuccessful. 

Another reversible thermal effect occurs on heating anhydrite to 

till higher temperatures. Frequently this is not found the first time 

‘material is heated but is manifested upon cooling, and thereafter 
the deflections of the galvanometer become more pronounced as the 
heating and cooling cycles are continued. The average temperature 
at which this thermal effect appeared on heating artificial anhydrite 
was 1,371° C. Natural anhydrite gave a somewhat lower value, 
owing perhaps to the presence of the other materials indicated by the 
analysis. Considerable supercooling occurs; the average temper rature 
at whie ‘h the breaks oecurred in the cooling curves was 1,340° and 
1,329° C for the artificial and natural anhydrites, respectively. This 
thermal effect corresponds to the inflection which Grahmann [2] 
occasionally found in the cooling curve at 1,320° to 1,370° C. 
a the present work the appearance of the contents of the crucible 
‘ heating was not uniform, but in many cases the anhydrite 
otc ‘d to have fused when the temperature had at no time exceeded 
1390° C. Since the temperature at which the thermal effect occurred 
Was not greatly altered by the presence of large amounts of lime, the 
conclusion was drawn that it is caused by the melting and freezing of 
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oytectic mixture of the high-temperature form of CaSO, and CaO. 
The latter is produced by the decomposition of part of the CaSQ,, the 
<(), escaping as a gaseous product. This eutectic is probably low in 
C20 content, since mixtures originally containing more than 20 

reent of CaO did not form sufficient liquid to allow the charge to 

resent the physical appearance of having melted, although as will be 
<oen in table 1 the thermal effect corresponding to the melting of the 
otectic Was observed. On the other hand, samples originally con- 
sisting c of pure CaSO, appeared to have meited when analyses showed 

hat only from 4 to 12 percent of CaO had been formed. Attempts 
to obtain segments of the liquidus curve failed since no further heat 
offeets were observed in any experiment between the melting of the 
utectic and the limit of the furnace, 1,545° C. This was presumably 
due to the decomposition of the CaSQ,, which, on the assumption 
ag the eutectic is low in lime, would have shifted the composition 
in the direction of high-melting mixtures. It is apparent that a 
closed apparatus must be used in a precise study of this system. 
However, / is interesting to note that Grahmann [2], using a 20-¢ 
sumple of CaSQ,, observed melting at 1,450° C and reported this 

Jue as the melting point of pure CaSO,. On the basis of this investi- 
cation Grahmann’s result may be interpreted as representing a point 
on the liquidus curve, the true melting point being higher. 

Alt — compounds of CaO and SO; corresponding to the formulas 
2CaQ-SO;, [4] and 3CaO-2CaSO, [8] have been reported, their 
existence “was not confirmed in the present work. X-ray patterns 
were prepared of samples of both natural and artificial anhydrites 
quenched from temperatures ranging from 1,200° to 1,545° C, and 
of mixtures of anhydrite and CaO quenched from temperatures 
between 1,300° and 1,545° C. In only two cases were lines found in 
he X-ray patterns that did not correspond with lines in the patterns 
of anhydrite, CaO or Ca (OH), (in samples quenched in water or 
partly hydrated by atmospheric moisture). Two samples of a mixture 
originally of the proportions 2CaO:1SO; were quenched, one from 
1,390° C and the other from 1,545° C. On the corresponding X-ray 
patterns fairly strong lines were found at a position corresponding to 
an interplanar spacing of 2.12 A and weak lines were found at 0.942 A. 
In the patterns of other similar mixtures rong from similar 
temperatures, no such lines were observed and, every pattern 
obtained, all or all but the weakest lines of the ontineny form of 
anhydrite were found. 


V. SUMMARY 


The transition of beta calcium sulfate to alpha calcium sulfate 
occurs at approximately 1,214° C, but the high-temperature form is 
unstable and cannot be studied at room temperature. A eutectic 
mixture appears to be formed by CaO and alpha CaSQ, which melts 
at approximately 1,365° C. The existence of basic sulfates of calcium 
was not confirmed. 


The author acknowledges his indebtedness to Lansing S. Wells for 
his suggestions and guidance and to Herbert Insley and Howard F. 
MeMurdie, who pr ‘pared the photomicrographs and the X-ray 
patterns, 
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THERMAL EXPANSION OF CLAY BUILDING BRICKS 
By Culbertson W. Ross 


ABSTRACT 

The coefficients of thermal expansion of 189 bricks were measured over the range 
10° to +40° C (14° to 104° F). These bricks included 1 sample of sand-lime, 
9 of fire-clay, and 61 of clay and shale bricks. The clay and shale bricks repre- 
sented a Wide range in properties and included samples from various districts in 

e United States. 
The coefficients of 87 percent of the clay and shale bricks were between 5 and 
The average coefficient of the clay bricks 
was 6.0 (3.3), of the shale bricks 6.1 (8.4), and of the fireclay bricks 3.9 millionths 
per ° C (2.2 per° F). No relation was observed between the thermal expansion 


| and the other physical properties of the bricks. 


CONTENTS 
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I. INTRODUCTION 


The change in length of building bricks due to temperature changes 
is one of the factors sometimes blamed for cracking of brick-masonry 
walls. Inasmuch as a better knowledge of the thermal expansion of 
bricks should be useful in the study of this and other problems of 
structural design, measurements have been made of the linear thermal 

‘expansion of 139 bricks, representing 1 lot of sand-lime, 9 of fire-clay, 
and 61 of clay and shale bricks. These bricks, representing the product 
of various localities in the United States, were available from other 
investigations and tests and comprised bricks having a wide range in 
properties. The coefficients of expansion were measured over the 
temperature range —10° to +40° C (14° to 104° F), or approximately 
the range to which they might be subjected in structures. The other 
physical tests which are customarily used as a measure of quality have 
been made on the bricks as a matter of record and in the hope that 
there might be some relation between them and the thermal expansion. 

Previous tests of the thermal expansion of bricks have usually been 
made in connection with the study of some other property of the bricks 
and are not very extensive. 

The Watertown Arsenal report of 1896 gives the thermal expansion of 
22 clay and shale bricks over the temperature range 33° to 212° F 
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(approx. 0° to 100°C). The bricks were kept immersed in water, an, 
the changes in length were measured by means of a 6-inch strain-cao, 
reading to 0.0001 inch. The coefficients of thermal expansion rane n 
from 3.7 to 13.6 millionths per ° C (2.1 to 7.6 per ° F), with an avergo, 
of 6.3 (3.5). Fifty percent were within the range 5 to 7 (2.8 to 39 

Palmer ' reported tests on six types of clay and shale and two types 
of fire-clay bricks. A 20-inch Whittemore strain gage was used ty 
measure the length changes in specimens consisting of three bricks 
cemented together with litharge-glycerin cement. The bricks wer, 
measured in a cold room at —8° C and in another room at +25° (¢ 
(17.6° and 77° F)._ Bricks of each type were divided into two classos 
one harder burned than the other. The thermal expansion of ¢} 
harder burned bricks was in general somewhat less than that of th 
softer bricks. The coefficients of thermal expansion of the clay and 
shale bricks were between 3.9 and 8.5 millionths per ° C (2.2 to 47 
per ° F), with an average of 5.6 (3.1). The coefficient for the fire. 
clay bricks was about 3.7 millionths per ° C (2.1 per ° F). 

Ingberg and Foster * reported thermal-expansion measurements oy 
16 hollow clay tile, a material somewhat similar to clay bricks, 
These measurements were made by the interferometer method and 
over a much larger temperature range than used in the present 
investigation. From 0° to 300° C (32° to 572° F), the coefficients 
ranged from 5.1 to 7.3 millionths per ° C (2.8° to 4.1 per ° F) for the 
10 clay and shale tile, with an average of 6.2 (3.4). The range of the 
coefficients of the six fire-clay tile was from 3.5 to 6.8 millionths per 
° C (1.9° to 3.8 per ° F), with an average of 5.5 (3.1). 


tac 


II. DESCRIPTION OF APPARATUS 


The Tuckerman optical strain gage * was used to make the thermal- 
expansion measurements in this investigation. The thermal expan- 
sion of the gage was determined by noting the change of the reading 
with a change in temperature when the gage was mounted on a metal 
bar, which had been measured from —10° to +40° C in the thermal- 
expansion section of this Bureau. In the same way, the change in 
the reading between different temperatures with the gage mounted 
on a brick gave the difference between the thermal expansion of the 
gage and brick, and thus the thermal expansion of the brick. 

A diagram of the Tuckerman optical strain gage, which also shows 
the method by which it is mounted on a brick, is given in figure 1. 
The gage operates on the optical lever principle. A rotation of the 
stellite lozenge produced by a relative change in length between the 
gage and the specimen causes the image of the fiduciary point to 
move on the scale in the autocollimator. The gage is sensitive to 4 
length change of 0.000002 inch. For many of the tests a 4-inch exten- 
sion bar was added to the gage, giving a 6-inch gage length. For | 
samples which were available only as half bricks, it was necessary to 
use the 2-inch gage, as shown in figure 1. 

The knife-edges of the gages could not be placed directly on the 
bricks as these contain hard minerals, which would cause wear ané 
~1L, A. Palmer, Volume changes in brick masonry materials, BS J, Research 6, 1003 (1931) RP321. 

2S. H. Ingberg and H. D. Foster, Fire resistance of hollow load-bearing tile, BS J. Research 2, 1 (1929) RPS’. 


3 L. B. Tuckerman, Opfical strain gages and ettensometers, Proc. Am. Soc. Testing Materials %%, pt. 2, 
(1923). 
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Numerous tests were made, from time to time, on calibrated bats 


ick the constancy of the gages. The thermal expansion of a 
», as determined by seven tests on such a bar, is given in 
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‘ne fic wr of thermal ex pansion of 6-inch gage H, as determi ned hy 
sts on a calibrated bar over a period oj 2V3 years 
Coefficient of 
l hermal exp il 
ion, 10° to 
40° C 


Villionths per? C 
11.78 
11.76 
11.78 
11.78 
11.8} 
11.77 
11.79 


The coefficients of thermal expansion of an iron bar as determine; 
by four tests with 2-inch gages and of an aluminum alloy bar as deter. 
mined by two tests are given in table 2. These show the re oop Ii. 
bility of data obtained with 2-inch gages on metal bars which did 
require mounting plates. 


2.—Coefficient of thermal expansion of an tron bar and of an alums 
alloy bar, as determined by tests with 2-inch gages 


Coefficient of 
thermal expan- 
ion, --10° to 
+49° C, of an 
iron bar 


thermal expal- 
sior I —10° to 
+-40° C, of an 
aluininura al! OF 


ar 
) 


| 
| | Coefficient of 


Afillionths per °C Mlilliontha per °¢ 
11.3 


») 9) 


11 - 
11. 43 4 29 34 
1.36 


A sketch of the controlled temperature oven in which the tests 
were made is shown in figure 2. Approximately 1 watt per °C eleva- 
tion above room temperature was required to balance the heat loss 
The heat input was controlled manually. The copper plates distrib- 
ated the heat so that, at equilibrium, there was less than 0.1° ( 
difference between the temperatures of the thermometers. The tem- 
perature for the lower point of the range was obtained by circulating 
cold brine through the copper tubes near the top and bottom of 1! 
oven. 

The temperatures were measured by means of six copper wir 
resistance thermometers placed in the copper box about the bricks u 
the locations shown. Their resistance was measured with a Wheat- 
stone bridge and galvanometer. They were calibrated to 0.1° 
means of a six-junction thermocouple and a portable potentiomet 
after being placed in the oven. The calibr: ibe was checked on s 
eral later occasions and showed no change as great as 0.1° C. 

The gages were read with the autocollimator through holes in thi 
cover of the oven. These holes were normally closed by wooder 
lugs. The removal of the plugs did not allow enough air to cireuls 
from the room into the oven to cause an observable ¢ hange i in the rea 
ing of the gage in the few seconds required for the measurement 
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The bricks were supported in the oven by small pieces of pubh 
cut from automobile tire inner tubes, which allowed the positio, 
the bricks to be adjusted so that the pages ct muld be viewed 
the openings in the oven and helped to prevent vibration 
floor being transmitted to the bricks and gages. 


III. TEST PROCEDURE 


The bricks were dried at a temperature of 105° to 110° C bef, 


ha 
rm 


the tests. The gages were then mounted on the bricks and the brick. 
and gages placed in the oven and their position adjusted so that 
gages could be viewed through the openings in the door of the ove 
The temperature of the oven was raised to about 40° C and, aft 
the temperature of the oven thermometers became uniform, the read- 
ines of the gages were recorded. About 5 hours was required for thi 
temperature to become uniform after the oven had reached the ap 
proximate temperature desired. The cooling brine was turned on ay 
the overnight period of i7 hours was allowed for the temperature of 
the oven to reach the lower point of the range and become uniform 
usually at about po C. The readings were again recorded 
the te mperature of the oven raised to 40° ©, 
The bricks were sub} tes to two evcles of evoling 


ceiving four values of the ermal expansion. The average 


f } 


vaiues was taken as the a of the thermal expansion for 
A number of tests were made on each — 

Different gages usually were used in the different tests of a gi 
briek ai he tests on each brick were spread over a considerab! 
period of time as a further ak 4 on the constancy of the cages 


More tests were made on the bricks tested with the 2-inch gages tha 
on those tested with the 6-inch gages as the data obtained with t! 
shorter gage were less consistent. 

After the thermal-expansion tests were completed, the compressiy 
strength, the modulus of rupture, the 5-hour boiling absorption, an 
the 24-hour water absorption were determined for the bricks i: 
accordance with methods of ASTM Specification C67-39.4 The cor 
pressive strength and pee of rupture of cored bricks were com- 
puted on the basis of the actual sections rather than the gross measut 
ments. The eel ay ost th and modulus of rupture of bricks 
19 to 40 were determined by MeBurney and Richmond. 


IV. ACCURACY OF THE MEASUREMENTS 


The chief limit on the accuracy of the thermal-es xpansion mes 
ments was a lack of precision in estimating the length of the portio 
of the bricks within the gage length. Both the iron plates and th 
cellulose nitrate cement have a higher thermal expansion than t! 
bricks, and considerable uncertainty exists as to the effective py ! 
of attachme nt. The 0.1 inch of the gage length occupied by the ple 
amounts to 5 percent of the 2-inch and 1.7 percent of the G-ineh gaz 
length. Dise repancies between the values of the thermal expans 
0 m di fTere nt tests on the same brick were frequently as larg 

als Standards, pt. 2, 104 (1939). 
} hmond—strength, Absorption, and Resistance 
and Thawi ae ot snildi sricks Produced in the Cnited States, Building Mat 
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‘3, However, as most of the tests did not give values that differed 
+ these amounts, and since the average of the values from severa! 
is was taken to obtain the final value, it is believed that the error 
the final value for the thermal expansion of a brick is substantially 
-s than 1.7 percent for the data obtained with the 6-inch gages and 
5 percent with the 2-inch gages. The variation between different 
ists on metal bars which did not require the mounting plates was 
much less, as may be scen from table 2. 
“After the oven temperature was —* considerable time was 
quired for the teinperature of the bricks to approach that of the 
ven, Since a substantial difference between the temperature of 
bricks and that of the gages at the time readings are made might 
0 expected to introduce an error, the tite required for the tem- 
ratures to approach equilibrium was checked by placing a resistance 
rmometer in a hole drilled in the center of one of the bricks and 
mparing its temperature with that of the oven thermometers and 
readings of the gages. These data, which were obtained while 
»3. In this table 
expansion of the bricks have been 
uted, for the conditions at each time interval after 30 min utes, 
m oo change in the re ‘adings ot tie Faves and the ¢ hange j in tem- 
- of the oven thermometer which indicated the lowest tem- 
This thermometer was located at the center of the bottom 
copper box, and frem its location would be expected to give a 
indication of the temperature of the bricks than any of the other 


tive shown in figure 2 


ipparent coefficients of therm: 


nges in the temp: rature of the oven thermometers, in the temperature 


wicks, and in the readings of the gages as the temperature of the oven 
the lower to the higher point of tie range 


Highest n Gianred flicient 
of6oven! of 6 nD ice ae : PT bs af f thermal 
‘ i : «Dansic 
brick 
101 


Change of | Coefficient 
reading of fiherma 
: xpansion 

of brick 122 


Viillionths | Millionths | Millionths | Milliontha 
in. per in. per °C in. per in. per 
9 10.4 A 0 
7 2:4 6s 
5. 0 2U. ¢ +l. 210 
0 36. § 14.7 317 
3 39. 4 26. £ 332 | 
2.4 41.1 36, 2 337 
2.2 20 39. 4 oso 
.38 ) i 341 
38. 5 38. 38. 5 321 


1 ~10.9° C to the temperature given in the third column. 
sting current reduced slightly and oven allowed to stand all night for this reading. 


The surprisingly small error caused by the temperature of the 
nicks, gages, and oven not being equal may be accounted for by noting 
table 4 that the thermal expansion of the gages was about twice 
iat of the bricks and that they were mounte .d on the surface of the 
hricks where their temperature would be about midway between 

that of the bricks and that of the oven eg 5g Thus, if the 
temperature of the oven is 40° C, of the gage : °C, and of the brick 
i C, and the coefficient for the gage is 12 spt per °C and for 


1) 
} 
tr 
i 
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the brick 6 millionths per °C, both would be 0.600060 inch per jycj 
shorter than they would be if all temperatures were 40° CL Thoy 
would then be no relative change in length, and the gage would royq 
the same as it would if all the temperatures were 40° C. Sey 
tests were made on other bricks and with the temperature going dow) 
as well as up, with similar results. This automatic compensatio, 
was not used to shorten the time required for the tests and wow); 
be less effective for bricks for which the thermal e xpansion WAS sul 
stantially different from those of the bricks given in table 3, Fy 
most of the bricks it lessens the likelihood of small differences betwee, 
the temperatures of the bricks and gages, causing errors in the thermal 
expansions obtained. 


i 


TABLE 4.—-Constants a and b for CXLPVESSi ng the thermal ELPANSION as a two-ter) 
equation in powers of the lemperature 


(hermal 

onstant! expansion, Number « 
—10° to brick 
+40° ( 


Millionths 
per ©C' 


In some of the tests the expansion measured as the temperatu 
increased was substantially different from that as the temperatur 
decreased, as shown in table 5. This might be taken to indicate a 
irreversible change in the length of the brick due to a change in water 
content or to the temperature changes. However, as other tests o1 
the same brick frequently did not show this change in length, it 
probably was due to a slight shifting or creep of the plates on which 
the gages were mounted rather than to changes in length of the brick 
The average of the values from such tests was usually in good agree- 
ment with others which did not show this apparent change in length 

The differences between the thermal expansions of the gage 
bricks, and calibrated bars, for the small temperature range used in 
this investigation, are very nearly proportional to the temperatur 
Since the differential method was used, the variation of the tempera- 
ture range of several degrees does not affect appreciably the values o! 
the thermal expansions obtained. 
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Thermal expansion data, 


nsion of gage 
ansion of brick 


some evidence in the data that the 2-inch gages gave a 
vulue of the coefficient of expansion about 0.2 millionths per ° C higher 
‘han that given by the 6-inch gages. Tests were made with both 
cages on similar bricks, 1 to 5, 6 to 11, and 12 to 18, and both gages 
vere used on the same bricks for the seven given at the end of table 6 

The values of the coefficient of thermal expansion found by means 
f the 2-inch gages for both halves of the same brick agreed within 
2 millionth per ° C, except for bricks 12 and 15, which are unusually 
Of course, there is no reason why the thermal expansions 


ty . | . 
oft bricks. 


f both halves of a brick should be the same, but the fact that, except 
this one type, the independently determined expansions of the 


0} 


vo halves agreed so closely leads one to expect that the random error 
n the values is less than this amount. <A systematic error would not 


« disclosed by this comparison. 
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V. EXPERIMENTAL RESULTS 


rable 6 presents the thermal expansions of the 139 bricks used in this 
nyestigation, the data from the other physical tests, and a description 
{the bricks. Bricks 107 and 108 are sand-lime bricks and, while 
omewhat extraneous to this investigation, are of interest and have 


een 


included. Bricks 19 to 40 are similar to those used in an investi- 
ion of different methods of making water absorption tests on bricks.® 


The saturation coefficient is the ratio of the 24-hour water absorption 


(' the 


5-hour boiling absorption (see footnote 4). The number of 


hermal- -expansion tests made on each specimen is given, as well as 
he sti andard deviation. The values from the different tests with the 
ich gages were weighted, the weight depending on the spread of the 


oul 


‘alues of the thermal expansion found with each test. 
in order to show the methods used in computing the thermal ex- 


ansion from the tests and other characteristics of the data, more 
otails are given in table 5 for the two tests with the 6-inch gages on 


< 121 and the three tests on brick 122. 


Thermal expansions over a large range of temperature are fre- 
ntly expressed by a two-constant equation in powers of the temper- 


re, such as 


Li==L (1-+-at+ bt), 


n which LZ, is the length of the specimen at the base temperature, L, 
s the length at the temperature ¢t, and a and 6} are constants. An 
{fort was made to obtain the second constant, 6, for some of the 
bricks by taking a reading at a temperature intermediate between the 
ighest and the lowest. This constant is given in table 4 for the bricks 

hich two tests gave values which differed by less than 0.002 “107° 
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Listribution of thermal expansions, milirorths per C 


Distribution of the thermal EXPANSIONS of the clay, shale, sand-lime, nik 


fire-clay bricks. 


igure 3 shows the distribution of the thermal expansions of the bricks 


1" 
} 


ey, Water Absorption of Building Brick, Am. Soc. 


averages were used, rather than the values for the individual 
Testing Materials 36, pt. 1, 260 (1923). 
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bricks, in the cases in which more than one brick from 
was tested. 

[n figure 3 it may be noted that the coefficients of thermal . 
of 54 of the 61 lots of clay and shale bricks, or 89 pereent, wer 
5 and 7 millionths per "©. This may De compared with the hj 
in the report of the Watertown Arsenal, of which the cocfficion 
11 bricks were within this range. Four of the 12 values fou 
shale bricks given by Palmer, and 8 of the 10 for clay and 
OLY ( n bv Ingberge and Foster were within the same Tange, ) 
for the rather unusual bricks from Whitewater, Wise. (Nos. 19. 
and 94) and from Columbus, Miss. (Nos. 137 to 139) the “eut off” 
thermal expansion of 7 millionths per ° C for clay and shal 
is very sharp. 

The few values above 7 and below 5 millionths per ‘ 

( lay and shale bricks are chiefly limited to the softer el: 
hour boiling absorption above 14 percent). 

The thermal expansions of the fire-clay bricks showed son 


enev to decrease with increasing hardness, but the samples are Scarcel 


e Hp 


numerous or represcitative enough to draw anv conclusions on thi: 
point. 

The thermal expansion of the clay and shale bricks Was compar 
turn with the compressive strength, modulus of rupture, 
boiling absorption, 24-hour water absorption, and saturation coef 
cient. No correlation was found between the thermal expansion ar 
these preperties, and, even among bricks from the same shipment 
there was no consistent tendency for the thermal expansion to j 
crease or decrease with differences of hardness of burning, as indicate 
by the above physical properties. 

The distribution of the thermal expansions with different meth 
of forming was studied, but nothing significant was found. 
two types of bricks having coeflicients above 7 millionths per 
both side-cut clay bricks. 

The probable error, or rather the probable difference between 
thermal expansion of an unknown sample of bricks and the arit) 
metic mean, has been computed on the basis of the tests reported 
this paper and is given in table 7... The probable error for the clay a 
shale bricks and the clay bricks is larger, chiefly owing to the larg 
departure of the coefficient for bricks numbered 137 to 139 from th 
mean. 


TABLE 7.—Probable error if the arithmetic mean of the coefficients of thermal ex pa 
is assumed as the coefficient of a brick for which the coefficient is unkno 


Number of Arithmetic 
lots mean 


Clay and shak 

Clay and shale with 5-hour boiling absorptions less than 14 
percent 

Clay 


Shak 
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VI. CONCLUSIONS 


_ The average values of the coefficients of thermal expansion, their 
range, and the number of samples tested for different types of clay 
bricks are given in table 8. For comparison, similar data are given 
from previous investigations. 


Average coefficient of thermal expansion (in millionths per °C) of different 
types of clay bricks from this and previous investigations 


a values in vio are in | millionths per i 


| Average co- | 
Number of | efficient of | Range of coefficient of 
specimens | thermal ex- | thermal! expansion 
pansion 


2 (RRICKS) —10° TO +40° C (14° TO 104° F) 


6. 0(3. ¢ to 12.4 (2.3 to 6.9) 
6. 1(3. 4) to 6.8 (2.6 to 3.8) 
3. 9(2. 2) 0 to 4.6 (1.7 to 2.6) 


PALMER (BRICKS) —8° TO 25° C (18° TO 77° F) 


6 5. 6(3. 7); 4.7 to 8.5 (2.6 to 4.7) 
$ Pee 4.1 to 5.2 (2.3 to 2.9) 
4 . 8) 3.6 to 3.8 (2.0 to 2.1) 





INGRERG (HOLLOW TILE) 0° TO 300° C (32° TO 572° F) 


reo 5.1 to 7.3 (2.8 to 4.1) 
.1(3.4)} 5 5.7 to 6.9 (3.2 to 3.8) 
5. 5(3. 1) 3, 5 to 6.8 (1.9 to 3.8) 





WATERTOWN ARSENAL (BRICKS) 0.6° TO 100° C (33° TO 212° F) 


6. 3(3. 5)} 3.7 to 13.6 (2.1 to 7.6) 


The coefficients of thermal expansion of 89 percent of the clay 
and shale bricks were between 5 and 7 millionths per ° C (2.8 and 3.9 
per °F), the average being 6.1 (3.4). The value, 6 millionths per °C 
3.3 per ‘0 F), is a good value to assume for the thermal expansion of 
clay and shale bricks, the probable error, as computed from the data 
of this paper, being about 0.7 millionth per °C (0.4 per°F). Of course, 
fan accurate knowledge of the thermal expansion of any bricks is 
_ the above assumption could scarcely be substituted for an 
actual test. 

3. There was no significant difference between the average thermal 
expansion of the clay and shale bricks. The few values of the coeffi- 
int above 7 and below 5 millionths per ° C are chiefly limited to the 
softer clay bricks (5-hr boiling absorption above 14 percent). 

4. The thermal expansion of the fire-clay bricks was much lower 
than that of the clay and shale bricks. The number tested, however, 
vas scarcely large enough, nor were the bricks representive enough to 
allow definite conclusions to be drawn as to the thermal expansion of 
ther fire-clay bricks. 
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5. There was apparently no significant correlation between 
thermal expansion and the other physical properties of clay and sha), 
bricks which are customarily measured as tests of quality, and eyo, 
among bricks from the same shipment there was no consistent tendency 
for the thermal expansion to cither increase or decrease with differanoss 
of hardness of burning. 


WASHINGTON, June 18, 1941. 








(940eq 322) 


a}B1g puB AD 
q2011G PUB JOqUuINN 


0} pusg 


~90UB}}LUIOI [840], 


~ “JJ VWINIOA ‘speisoquUL [BIyUsUOdXe PUB ‘aUISOD ‘AUIS JO Sa[qeB], 

“J OUINIOA ‘s[BIZ94UI [eIzUsUOdXS pu ‘aUTSOD ‘oUIS JO SeTqB], 

“SJUSUINZIV UBIPL JO} SOUISOD PUB SIUIS JO SITqe], 

S}UIWINZIV UBIPBL IO} SAUISOD pUB SOUIS DI[OqIedAY PUB IB[NDIID Jo saiqe,], 
«9 UOIJOUNJ [BVIZUBUOdXI JY} JO SatqR], 

OOO! 0} | Ulosy SIBZOZUT BY} JO SIOMOd Us} 4YSIY 9Y} JO IIQB 








eset Alid 
Zulyuel) Zuipusy 
| -xo solqjanoo pu 
a9 ; ‘suoissassod sj | 
peso[ous JUNOULY | puv 693819 am... , uOLBoT[gnd Jo af41 J x 
} f tu / 


$a1zjUn0d 19T1O 





YB IY 


odd 


“4800 JY} JOAOD OF |, VOUB} LUT VsSO[VUO | “MO]OGQ XY PoYyIBU so[qe | [BITFBWIYIVIY oy} oul Puss 


"0 ‘d ‘NOLONIHSVM 
‘SSGUVAGNV.LS AO AVAMOE TVNOLLVN 





‘ 
7 
£ 
* 
3 


MATHEMATICAL TABLES 


Attention is invited to a series of publications which is being prepared by the 
Project for the Computation of Mathematical Tables conducted by the Federal 
rks Agency, Work Projects Administration for the City of New York 
under the sponsorship of the National Bureau of Standards. 
To date, six tables have been made available through the National Bureau of 
Standards. These are listed below: 


| BLE OP THE First TEN Powers OF THE INTEGERS From 1 To 1000: 
1938) VIII+80 pages; heavy paper cover. 50 cents. 


TABLES OF THE EXPONENTIAL FUNCTION e*: 
The ranges and intervals of the argument and the number of decimal places in the entries 
are given below: 
Interval § Number of 
Range of x ofx decimals given 


— 2. 5C00 to 1. 0060 0.0001 18 
1. 0000 to 2. 5000 - 0001 15 
2.500 to 5.000 - 001 15 
5.00 to10.00 01 12 


1939) XV-+535 pages; bound in buckram, $2.00. 


Tasies OF CIRCULAR AND Hyperso ic Sines AND Cosines FoR RapiAN ARGUMENTS: 
Contains 9 decimal place values of sin x, cos x, sinh x, and cosh x for x (in radians) ranging from 
to 2 at intervals of 0.0001. 
1939) XVII+ 405 pages; bound in buckram, $2.00. 
MT4. Tasres or Sines AND Cosinges FOR RADIAN ARGUMENTS: 


Contains 8 decima! place values of sines and cosines for radian arguments ranging from 0 to 25 
t intervals of 0.001. 
1940) XXIX-+ 275 pages; bound in buckram, $2.00. 


MTS. Tasxes or Sine, Costing, AND ExPoNENTIAL INTEGRALS, Votume I: 
Values of these functions to 9 places of decimals from 0 to 2 at intervals of 0.0001. 


(1940) XX VI+ 444 pages; bound in buckram, $2.00. 
MT6. Tastes or Smng, Cosine, AND ExpoNeNTIAL INTEGRALS, VoLume II: 
Values of these functions to 10 places of decimals and 9 or 10 significant figures from 

0 to 10 at intervals of 0.001. 

(1940) XXX VII+225 pages; bound in buckram, $2.00. 

Payment is required in advance. Make remittance payable to the “National 
Bureau of Standards”, and send with order, using the blank form on the page 
facing this one for the purpose. 

Above prices are for delivery in the United States and its possessions and in 
countries extending the franking privilege. To other countries the price of 
MT1 is 65 cents and that of MT2, MT3, MT4, MT5, MT6 is $2.50 each 
femittance to be made payable in United States currency. 

Copies of these publications have been sent to various Governm ent depositorie 
throughout the country, such as public libraries in large cities, and colleges and 
universities, where they can be consulted. 

A mailing list is maintained for those who desire to receive announcements 
regarding new tables as they become available. A list of the tables it is planned 
to publish will be sent on request. 
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CONTENTS 
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TITLE AND AUTHOR Page 


A physical photometer. Ray P. TOO. cc cewccseteedsctievsséccees 
[Price 5c] 217 


Comparison between the observed density of crystalline rubber 
and the density calculated from X-ray data. W. Harold Smith 
and Nancy P. Hanna...... eocccccccccce{eriee 100} 229 


Errors of Munson and Walker’s reducing-sugar tables and the 
precision of their method. Richard F. Jackson and Emma J. 
McD em, 500.0 04.6000 meideeccketatwad écctaldvestessesfernce 10c) 287 
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Testing and performance of volt boxes. Francis B. Silsbee and 
Francis J. Geoes ss occcvevetsccoscbevesetonsocesescs cv cf eeee Icy 269 


Heats of isomerization of the five hexanes. Edward J. R. Prosen 
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